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Executive Summary

Mission Statement

Low-aspect-ratio tokamaks have been predicted to have advantages both as neutron sources
and as compact thermal reactors [1]. The Fusion Research Center at the University of Texas
proposes to design, build, and operate, in collaboration with ASIPP (Hefei, The People's
Republic of China), the University Spherical Tokamak Experiment (USTX), a low-aspect-
ratio tokamak with major radius Rp= 0.7 m, aspect ratio A = Ro/a ~ 1.25— 1.5, where a is the
minor radius, and toroidal plasma current Ip = 1 MA. USTX is intended to access high beta,
high normalized beta, and low collisionality plasmas, with plasma properties dominated by
the physics of low aspect ratio. It will be devoted to the study of stability, of global and local
confinement aud turbulence properties, and of plasma current-initiation and current-drive
schemes. The research program will be carried out in collaboration with other laboratories
and universities. To minimize start-up costs, the research is segmented into logical phases,
with funding for each phase dependent on the success of the previous phase. We are
presently requssting funding only for Phase I, but a discussion of subsequent phases is
included to indicate our long term planning.

The flexible design of USTX allows for replacement of the vessel inner cylinder,
toroidal-field inner leg and ohmic solenoid, so that arbitrarily small A can be investigated
(even including a spheromak configuration). The flexible poloidal field system allows for
large variation: in plasma elongation and triangularity. A divertor option is included. Once a
suitable current drive scenario has been identified, the toroidal and poloidal field systems will
ultimately allow a pulse length exceeding two seconds.

USTX is designed to be the smallest, least expensive machine capable of answering the
following key rhysics questions:
1. Can plasmas with confinement dominated by physics at low A be operated at A =
1.4,A = 1.25, and possibly lower? No existing machine meets this criterion.

2. What operating regimes are available? In particular, what current density profiles
can be achieved, and what is the lowest safety factor g for operation?

3. WL.! are the confinement and turbulence properties at low A, particularly at high
B, high By, and low collisionality? What is the scaling of energy confinement with A,
what gains over L mode can be achieved, what pressure-profile peaking factors can be
achieved, and what impurity accumulation effects exist? How do these values
compare with those at normal A?

4. What is the maximum permissible beta at low A, and how does it compare with the
normal-A case? Values of By = 3 - 5 should be attained.

p. 1
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5. Can low-A tokamaks be operated disruption free at low g?

6. Is a divertor possible on a low-A tokamak? Can wide scrape-off layers be
produced?

Further questions to be addressed in Phase II:
1. What fraction of I, can be maintained by a well aligned bootstrap current?

2. What non-inductive Ip-drive schemes can be used, and with what efficiency?
Note: low power tests will be performed in Phase 1.

3. Can high confinement, high beta, low safety factor, large bootstrap-current
fractior - and high current-drive efficiency be obtained simultaneously? What is the
potential of such a device as a scaled version of a prototypical low-A reactor?

Motivation for Low Aspect Ratio: Fusion

The principal gain of low A is that a smaller device can be built to achieve a given fusion
power. The unexplained confinement scalings obtained with A = 3 to 4 show that, very
approximately, the triple product nTzy varies as (I pA)z, where n is the density, T the
temperature and 7z the energy confinement time. The predicted loss in confinement at low A
must be offset by the larger plasma current which can in principle be utilized. If the energy
cost associatec with driving this increased current is ignored, and if the implied hollow
current densities can be maintained (by current drive and bootstrap current), then tokamaks
with A = 1.25 reduce the overall machine volume to less than one half that at normal A.

In the short term a driven (non-ignited) low-A tokamak is envisioned as a neutron
source. D-T reactors of low-A are also under consideration, but on a longer time scale than
those of normal A because of engineering difficulties. These include the design of a toroidal
field-coil inner leg that can withstand the neutron fluxes from D-T reactions without a neutron
shield. One proposed solution is to use D-He3, which has a much reduced neutron flux, with
A =2 [2]. This solution is also long term, because of the necessity to produce He3.

Without experimental data, especially on confinement and operational regimes (e.g., the
lowest g value which can be maintained) the possible advantages of low A, now seen as 1.25
< A <2, cannot be assessed. There are no data in which the physics of low-aspect ratio
dominates corfinement. There are also no data in which reactor relevant dimensionless
parameters ha- > been reached. Therefore the next step in low-A tokamak research should be
a flexible device of minimum size and cost to address physics issues. USTX is this step.

Motivation for Low Aspect Ratio: Plasma Physics

Theoretical expectations and previous experimental results on small machines lead us to
expect

* ahigher safety factor g for a given plasma current I,
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* stability at (8) = 30 - 60% (a high By expectation for a given gq)
* potentially disruption-free operation

* a high bootstrap-current fraction

* alarge paramagnetism

* high edge magnetic shear, good for MHD stability

* anatural exhaust region (divertor)

* no necessity for feedback and wall stabilization.

If operatinn at low edge safety factor g(a) is to be successful, then hollow toroidal
plasma current densities must be produced and maintained by current drive and bootstrap
currents. Therefore USTX can address such ‘advanced tokamak’ physics issues. The success
of current drive scenarios will be crucial to the following generation of low-aspect-ratio
machines. USTX will allow tests of these before they must be relied upon. For cost
effectiveness, it is imperative to carry out low-power tests before proceeding to high power
experiments.

Experiments on USTX will provide tests of toroidal theories of stability and
confinement in which toroidal effects can no longer be treated as a perturbation. Any theory
withstanding the rigors of these tests is then suitable for application at any aspect ratio.
USTX will allow tests of bootstrap-current fractions, and all other neoclassical effects
(because of the large trapped particle population). The variation in plasma parameters will
allow tests of transport models which predict an increasing importance of magnetic
turbulence as beta increases. Understanding confinement at low A will help us to gain
precision and better understanding of confinement at normal A. Finally, the central core of a
low-A tokamak simulates the confinement zone of a larger normal-A tokamak, allowing a
program of basic physics studies relevant to the main line of tokamak research,

Costs, Schedules and Collaborations

USTX, a device suitable for investigating low-A current initiation and ramp-up, equilibria,
operational regimes, stability, beta limits, and confinement properties can be constructed for a
U.S. cost of $3.5M. ASIPP would contribute the equivalent of $9.3M. Initial plasma
operation is expected approximately 33 months from initiation of funding, assuming a
satisfactory funding profile. Routine operation of USTX is expected to cost the U.S.
approximately $2.8M per year.

USTX has been designed as a collaborative effort among many institutions. It is
intended that operation will be as a National Facility with various institutions taking
responsibility for major physics topics, in particular various current-drive techniques.

p-3
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CHAPTER 1

OVERVIEW OF THE USTX PROJECT

As part of the international research program to develop an economical fusion-reactor
concept, the tokamak has been a durable front-runner. Tokamaks have achieved an order
of magnitude greater product of density, temperature, and confinement time than other
concepts, hence the programmatic emphasis on tokamaks over other concepts. However,
presently envisioned conventional tokamak-reactor scenarios are only marginally
economical. This combination of factors is a compelling reason to pursue a significantly
different approach while retaining the basic tokamak concept. Development of the low-
aspect-ratio tokamak concept is arguably the most promising such approach.

In this chapter we summarize the University Spherical Tokamak Experiment
(USTX) project and its purpose, which derives from the predicted advantages of low-
aspect-ratio tokamaks, both as neutron sources and as compact thermal reactors [1].
These advantages have not been tested experimentally, nor has their theoretical basis
been fully worked out. Indeed, much of the physics of low aspect ratio remains
unexamined. The needed examination should begin with the smallest, least expensive
device that can demonstrate the physics of low aspect ratio. A research program based on
such a device affords almost limitless opportunities for both plasma-physics innovations
and connections to main-line fusion research. Student training and collaboration with
plasma theorists should be a major part of such a program.

Therefore, the Fusion Research Center (FRC) at the University of Texas proposes
to design, build, and operate the University Spherical Tokamak Experiment, a low-
aspect-ratio tokamak with major radius Rg = 0.7 m; aspect ratio A = Rp/a = 1.25-1.5, with
a the minor radius in the horizontal plane; and a toroidal plasma current I, < 1 MA.
Sufficient flexibility is incorporated to allow even smaller aspect ratios, and a variety of
plasma shapes (ellipticity and triangularity). USTX is intended to be a tokamak whose
plasma properties are dominated by the physics at low aspect ratio, and which can access
high beta, high normalized beta, and low collisionality. It will be devoted to the study of
stability, global and local confinement and turbulence properties, plasma current
initiation, and testing current-drive schemes. It will also create new opportunities for
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research in plasmas with high beta and high bootstrap fraction, which will be of general
interest in planning reactor-class devices of either low or moderate A. We propose to
carry out this research in collaboration with many other laboratories and universities. In
particular, the Academia Sinica Institute of Plasma Physics (ASIPP), Hefei, People's
Republic of China (PRC) will play a key role and provide substantial funding. The first
version of this proposal itself was written in collaboration with the spherical tokamak
group at the Oak Ridge National Laboratory as well as other groups as described below.

Low-aspect-ratio tokamaks have been discussed as possible driven neutron
sources and thermal reactors, with some of the reasons and examples presented in chapter
2. In particular, low A results in smaller overall machine size than normal A. These con-
ceptual devices are based on theoretical predictions, some of which are discussed in chap-
ter 3, and on extrapolations from experimental results (below and chapter 2). There are
no experimental results, however, on stability, confinement or operational regimes in
plasmas which are dominated by the physics at low A, or in plasmas in the relevant
dimensionless parameter regimes. The purpose of USTX is to remedy this lack of infor-
mation in the most cost-effective manner.

Apart from developing concepts for reactors and neutron sources, there is a wealth
of interesting physics at low aspect ratio such as paramagnetism, bootstrap and Pfirsch-
Schliiter currents, trapped particle effects, etc. Very little is known about low-aspect-
ratio tokamaks. Many of the theories applied to tokamaks are invalid at low A, and
empirical confinement scaling laws don't extend to low A. The physics of low-aspect-
ratio tokamaks is exciting to study in its own right, and this will be aggressively pursued
in USTX.

The critical questions to be addressed on USTX are summarized in chapter 2 and
the physics concepts pertaining to these are described simply in chapter 3. The smallest,
least expensive machine capable of providing the answers is discussed in chapter 4. The
associated magnetic design is addressed in chapter 5, with chapter 6 providing the device
and power system description. Auxiliary heating is necessary for studies of extremely
high beta, and this is addressed in chapter 7, as are descriptions of current-drive schemes
which will be tested. Chapter 8 describes the diagnostics, which can be transferred from
TEXT-U with few modifications. Chapter 9 presents the experiments to be undertaken
and a list of potential collaborators. Finally, chapter 10 discusses the costs and schedules,
Note that this proposal merely describes a preliminary design which demonstrates
feasibility. The detailed physics and engineering design are yet to be performed.

1-2



USTX Proposal

1.1 Historical perspective: previous work

The concept of a spherical tokamak (ST) was first introduced by Jassby [2, 3],
who pointed out its attractive small size as a potential reactor. Subsequently, a group at
Oak Ridge National Laboratory (ORNL) championed the ST cause, designing and
proposing several devices [1, 4-6]. ORNL has also been involved in the START spheri-
cal tokamak [7, 8] from its inception. The experimental motivation for the USTX pro-
posal is based largely on the recent favorable results of START. This device demon-
strated the feasibility of producing high-current plasmas with I, < 250 kA, aspect ratio A
= 1.2 to 1.5, and elongation x as high as 4, with a toroidal field Br<0.5T. In addition,
the confinement time was found to be in rough agreement with the neo-Alcator and
Lackner-Gottardi scalings [9], and no disruptions were observed for A < 1.8 [10]. Pulse
lengths have been limited to less than 50 ms, however, due to the small ohmic heating
solenoid capable of only 80 mV-s. While there have been at least ten tokamaks with A <
1.6 [1, 11], only four of these - FBX II [12], START, HIT [13], and CDX-U [14] - have
reached T,0 = 100 eV. Parameters of these four machines are listed in Table 1.1.

The HIT machine has produced short-duration plasmas with A = 1.5 and I, <200
KA inside a copper shell. Plasma production by coaxial helicity injection in this device is
encouraging for future spherical tokamaks, which will require non-inductive current
drive. One additional experiment of note is TS-3 [14] in an ultra-low-A (1.05) configura-
tion, which has achieved Ip = 50 kA, although only for 0.4 ms. This device has shown
that the tilt instability characteristic of spheromaks can be stabilized with a very small
axial current in a center conductor such that the edge safety factor g(a) = 1.

Table 1.1. Parameters of some existing low -A tokamaks.

Device Ro(m) |a(m) |A Ip (kA) | tpuise (ms) | By (T) | Tep (eV)
Name

FBX II 0.47 0.33 14 100 2 0.5 300
START 0.30 0.25 1.3 250 40 0.5 500
HIT 0.30 0.20 1.5 200 10 0.46 100
CDX-U 0.32 0.20 1.6 100 10 0.12 150

1-3
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1.2 The point design and device description

The overriding design strategy has been to identify the most economical and
flexible device capable of accomplishing the key physics goals (described in Sec, 2.3),
especially those relevant to advancing the fusion program toward an economical reactor
design. As a university experimental program we are willing to take calculated risks if
they have the potential for large payoffs. On the other hand, since the device we are
proposing substantially departs from the existing database of tokamak performance in
several respects, we feel it is not advisable to commit solely to unproven methods of
current drive and heating. Most presently identified tokamak reactor candidates require
non-inductive current drive (CD), and we plan to implement and study CD techniques in
Phase II as described in chapters 3 and 7. Based on our assessment of the current status
of CD suitable for low-A devices, however, we conclude that jt is impractical to rely
solely on this technology. We have analyzed the performance sensitivity of low-A
devices to major input parameters such as Ry, a, I, By, and K, and have examined the
impact of engineering and physics constraints such as the central solenoid design and
neutral-beam deposition. (See chapters 4 and 7, and McCool et al. [15].) We demonstrate
in this proposal and in Ref. 15 that Ohmic operation is not only sufficient to test
confinement predictions and to obtain a wealth of basic physics understanding, but also
can result in very high betas. To fully test stability and confinement over all required
operational regimes requires only one HO neutral beam. The design we describe is of the
smallest credible device capable of meeting the key physics objectives (see Sec. 4.2).

The principal parameters of USTX are listed in Table 1.2. Their justification will
appear in later sections, particularly in chapter 4. The pulse length quoted is for a double-
swing ohmic solenoid without non-inductive current drive (chapters 5-6), and it is ade-
quate for current equilibration [15, 16]. Should bootstrap and short-pulse auxiliary cur-
rent drive prove successful, then long-pulse auxiliary current drive can be implemented.
The toroidal and poloidal field coil systems and available stored energy in the motor
generators will then allow pulse lengths exceeding two seconds (see the discussion at the
end of chapter 6). The parameters listed in Table 1.2 constitute the basis for a conceptual
design about a single point in parameter space, i.e., a "point design." We include
numbers for both the initial base machine proposed here (Phase I) as well as the Phase II
device including one neutral beam, current drive, and an A=1.25 solenoid. The geometric
parameters of the point design are not to be considered as an optimum set, but rather as a
starting point for experimental exploration: USTX is intended as a flexible assembly

1-4



USTX Proposal

allowing variations in plasma position, shape, safety factor, etc. The poloidal field coils
are designed with this flexibility in mind allowing, for example, much higher
triangularity to be achieved than for the nominal 4 = 1.43 point design.

Cross sections of the USTX device are shown in Fig. 1.1 - under a toroidal field
coil on the left, and between coils on the right. USTX utilizes a domed thin-wall vacuum
vessel with no toroidal insulating breaks, and has excellent diagnostic access with space
reserved at the outside equator for RF antennas. It has twelve large demountable toroidal

Table 1.2. The USTX principal parameters (point-design parameters in
parentheses, Phases defined in Sec. 1.3).

Parameter Phase I Phase IT

A aspect ratio 1.33-2.0(1.43) 1.22-1.7 (1.25)

Ry major radius <085m(0.70m) |(<0.85m(0.75 m)

a minor radius £0.64m(049m) |<0.67m(0.60 m)

K elongation 1.5-2.0(1.7) 1.5-2.0(2.0)

o triangularity 0-0.5(0.25) 0-0.5(0.5)

Ipmax  plasma current 1.0 MA 0.5 MA + non-
inductive CD

Ipulse  pulse length 130-350 ms# >2s

Bo toroidal vacuum field on axis £05TatR=07m

Ne electron density 0.2 - 1.5x1020 m-3 (0.7x1020)

Teo electron temperature on axis 1 -2 keV from scaling law study™

Tio ion temperature on axis 0.6-1.2keV

TE confinement time 20 - 90 ms (50 ms)

B =2 uxp)Bre? ~ 30%"

Auxiliary Heating and Current Drive

ce breakdown 40 kW at 14 GHz

ECH 400 - 600 kW at 60 GHz (2ce T ramp)

NBIT, H0 — D+ or DO — D+ 1.25- 1.5 MW at
40 - 60 keV

Alfvén- and fast-wave current drivet 2 MW at 3-13 MHz
for 100 ms

Fsensitive to plasma model.

*Scaling studies and B limits are discussed in chapter 4. A Troyon factor By =3 to 5 should be
obtained with less than 1.5 MW of auxiliary power. For Lackner-Gottardi scaling, (B) =22% and By
= 3.7 should be possible with Ohmic heating only.

TNBI and Alfvén heating and current drive are planned for Phase II. Alfvén- and fast-wave current
drive assumed to be provided and funded by collaborators (e.g., UWM, chapter 7).

1-5
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field (TF) coils producing minimal ripple, five pairs of poloidal field coils providing
sufficient coverage to allow for a range of plasma shapes, and a center vessel core
including the ohmic-heating solenoid and TF center post. The center core is designed to
be removable with one planned initially for A =1.43 and a second solenoid with A = 1.25
planned for Phase II (even a spheromak configuration is potentially possible). The
A=1.43 solenoid is capable of inductively driving 1,=1.0 MA, compared to 500 kA
with the A =1.25 solenoid. This two-solenoid plan allows for full 1-MA studies without
relying on unproven CD techniques which will be investigated in Phase II.

1] 20 40 mNcHES)
[J | - ] ]
. 1 ScALE | { =T
0 3 19 ETERS)

FIG. 1.1. Cross section of USTX. The left-hand side is a cross section in a plane
between flanges. The right-hand side is a cross section in a plane centered on the flanges
and omitting the support structure.
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1.3 USTX experimental program and goals (deliverables)

Here we summarize the experimental schedule and list the deliverables expected
from the project. In later chapters we describe some of the considerations leading to the
engineering and experimental program, together with details of the proposed research.
All required diagnostics (chapter 8) are currently available on TEXT-U and will be trans-
ferred with minimum modification to USTX. More details of specific experiments are
found in chapter 9.

Experimental schedule

The experimental schedule presented here assumes that the initial plasma will
have an aspect ratio A = 1.43, with A > 1.33 possible if no antennas occupy space at the
outer equator. An A = 1.25 option is to be designed and built in Phase II. Further lower-
A options are possible because of the vessel inner-cylinder design (chapter 6).
Modification for a divertor option is feasible (chapter 9).

Phase I — Build USTX with A = 1.43, I, = 1.0 MA. Earliest operation in Spring 1999.

* Commission basic diagnostics, control systems, wall preparation techniques.

* Determine OH operating regimes, MHD characteristics, and global confinement
properties, especially at high § and high fy.

* Explore various current-initiation schemes including ECH assisted breakdown
and low toroidal-field breakdown and ramp-up for beta optimization and pulse-
length extension.

* Investigate scrape-off-layer (SOL) parameters.

* Study internal reconnection events (IRE's).

* Study turbulence and transport at low A, high .

* Determine operational regime and study MHD stability limits.

* Categorize at low A the phenomena which limit operation at normal A.

* Study sawteeth and their effects on low-g operation.

* Determine confinement properties:

- scaling with machine parameters,
- scaling with dimensionless parameters,
- turbulence.
* Evaluate whether a subsidiary outer wall is required to obtain maximum beta.

1-7
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* Study stability and feasibility of hollow current-density profiles.

* Study basic wave phenomena in preparation for current-drive scenarios.

* Provide a test bed for low-power studies of novel and potential breakthrough
techniques of non-inductive current drive.

* Determine if SOL parameters lend themselves to a divertor option (included in
proposal).

* Measure parameters necessary to determine which A = 1.25 option to build.

* Design and build new solenoid, toroidal-field post and vacuum-vessel inner
cylinder for Phase II.

Phase IT — Add 1.25 MW of neutral-beam injection. This provides heating, current drive,
and rotation (to improve stability at high beta and to reduce the impact of locked modes).
Earliest operation in Fall 2000. (NBI will be added at the earliest possible date if funding
permits.) Build and operate the A = 1.25 option with inductive or non-inductive start-up,
non-inductive current drive, and auxiliary heating. Possible addition of helicity injection
hardware. Earliest operation in Winter 2000.

* Compare bootstrap current with theoretical predictions.

* Optimize non-inductive current drive including high-power fast-wave CD, and
attempt to develop a non-inductive scenario from breakdown to flat-top.

* Seek a regime with simultaneous moderate ¢ (important because the power
dissipated in the TF post may limit ST reactor performance), high confinement,
high bootstrap fraction, and high current-drive efficiency.

The development of non-inductive current-initiation and current-
drive schemes is a major goal of USTX. We cannot SJormulate a
well developed experimental schedule Jor their evaluation until
theoretical work has provided insight into the utility of various
conceptual current-drive techniques.

Deliverables (all partially addressed in Phase I, some ultimately
addressed in Phase II)

As a consequence of the experimental plan tabulated above, we plan to:

* Assess the viability of building and operating a 1-MA inductively driven and
heated (ultimately, neutral-beam and RF heated) low-aspect-ratio tokamak and

1-8
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document the engineering and physics problems encountered. We will compare
the critical parameters assumed in the design process with those measured, in
particular volt-second consumption, current-density profile evolution, and disrup-
tion currents and voltages (chapter 5). The vessel structure and measures that will
be taken to handle disruption forces are discussed in chapter 6.

* Compare phenomena occurring at normal aspect ratio with those found at pre-
dominantly low aspect ratio, e.g. axisymmetric modes, tearing modes, sawteeth,
ballooning modes and second stability, locked modes, and disruptions.

* Assess the possible operating regimes of a 1-MA inductively driven, ultimately
auxiliary heated low-aspect-ratio tokamak. In particular, we will investigate
whether the regimes found in normal tokamaks (A > 3.5) exist at low A, e.g.,
improved ohmic confinement, L mode, natural H mode, biased H mode, VH
mode, and detached plasmas. We will compare the models explaining these
regimes with the physics parameters measured in USTX.

* Present scalings for global confinement times (energy, particle, impurity,
momentum) in a plasma dominated by, low-A physics, especially at high beta,
high normalized beta, and low collisionality. These will be cast in both engi-
neering and dimensionless parameters. We will emphasize p; because it is the
only dimensionless parameter varying significantly from USTX to proposed
reactors. By comparison with existing data we will study whether it is possible to
describe both normal and low-A tokamaks using a common scaling.

* Compare the beta limits achieved with those expected theoretically. Variables to
be utilized to maximize beta include all engineering parameters, aspect ratio,
plasma current profile (i.e., safety factor profile), plasma pressure profile, plasma
shape, plasma-to-wall distance, and plasma rotation velocity.

* Compare local confinement properties with turbulence characteristics, both elec-
trostatic and electromagnetic. In the plasma edge we will directly compare turbu-
lence-driven and total fluxes, while in the interior we will use the most general
available theoretical ideas to interpret the turbulence data.

* Assess different techniques of non-inductive current initiation, e.g. electron-cyclo-
tron heating (ECH).

1-9
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* Investigate various means of producing currents non-inductively, such as neutral-
beam injection, bootstrap, and fast magnetosonic and Alfvén-wave absorption.

* Endeavor to produce a scaled version of a prototypical ST reactor — very low
aspect ratio (A = 1.25), plasma current non-inductively initiated and driven, and
auxiliary heated.

We propose to carry out this program with an FRC staff of ten scientists and
faculty among other support staff as outlined in chapter 10. In addition ASIPP will
provide a sufficient staff of engineers, scientists, and technicians necessary to construct
the core device and assist with operation. As part of their graduate training, approxi-
mately ten students in any given year will contribute to the project by carrying out
original dissertation research. The research will also be supported by the FRC Theory
Program and the Institute for Fusion Studies.

1.4 Schedule and cost summary

To build and operate Phase I of USTX we request

* $7,230,000 over approximately three years; this includes salaries, operation, and
$3,490,000 in construction costs.

* $2,760,000 per year thereafter for operation and maintenance of the machine,
power supplies, heating systems and diagnostics; and computing facilities,
supplies, travel, and overhead. This includes salaries and required fringe
benefits of FRC staff and students and ~12 ASIPP staff on site.

The load assembly, suitable for investigating low-A current initiation and ramp-
up, equilibria, operational regimes, stability, beta limits, and confinement properties, will
be built by the ASIPP. At least one FRC engineer or technician will be on site at the
ASIPP for the entire design and fabrication phase. The total equivalent U.S. construction
cost including salaries is $12.8M; of this, the US share is $3.5M. This figure assumes
that major components of the machine are designed and built in the PRC, and includes
engineering supervision and quality control. The above assumes an unused P/S at
Lawrence Livermore National Laboratory (LLNL) is made available; if not, the US cost
is increased by $0.3M. Assuming initiation of funding in July, 1996 and a satisfactory
funding profile, initial USTX plasma operation is expected in Spring, 1999.
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Our collaborators will request additional funds to build and operate current-drive
hardware and additional diagnostics. For example, the University of Wisconsin at
Madison has expressed interest in a current-drive concept, utilizing up to 2 MW of fast
magnetosonic waves and/or Alfvén waves.

1.5 Site issues and cost effectiveness

The laboratory occupied by the TEXT-U device can house the USTX device
together with ultimately two neutral beams (none are costed in this proposal) and a full
complement of diagnostics (see Table 8.1). Having specified the major radius and aspect
ratio (see later chapters), we find the height of the machine to be determined by the
requirements of plasma shaping control. The available vertical clearance in the labora-
tory, 10.2 m, is sufficient to allow removal of the center core (2.6-m height).

USTX will fully utilize existing power supplies. The present toroidal-field (TF)
supply is more than adequate for providing the maximum field, Byg = 0.5 T. Most
operation is envisaged at lower fields (to increase f), but should a higher field be needed,
the existing TF supply was designed to be upgraded from the present 160-kA limit to 210
kA without additional cabinet space. The five poloidal field coils (other than the central
ohmic solenoid) will be powered by combinations of the existing six TEXT-U poloidal-
field power supplies. The neutral beam(s) when added would utilize the existing
modulator-regulator units. The only power supply required that is not presently available
on site is the specialized high-current OH solenoid supply. An appropriate supply exists
at LLNL, but in case this is not made available, we have completed a conceptual design
and costing of an appropriate supply.

The ultimate limit on pulse length capability of USTX is determined by either the
primary power available to the laboratory, or stress and heating limitations in the inner
core assembly (chapter 6). The presently available grid power to the laboratory is 6 MW,
expandable to 8 MW for approximately $160K. Our present motor-generator capacity is
130 MJ: "MG-0" at 100 MJ, and "MG-1" and "MG-2" each at 15 MJ. With the present
optimized design, the TF pulse length is limited by heating of the TF inner leg, whereas
the plasma pulse length at maximum plasma current is limited by the stored energy (or
pulsed-power rating) of MG-1 and MG-2, assuming a loop voltage of 1.5 V. At an
assumed loop voltage of 0.5 V, the plasma-current pulse length is limited by heating of
the ohmic solenoid.
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The present design calls for Phase-II installation of a single neutral beam,
although space is available to install a second beam. There will be no relevant limitation
on USTX operation for HO beams into D* or H* plasmas. We also have the capability to
run DO into D*, although with currently available shielding we would be limited to
several hundred maximum-performance shots per year [15], which would not restrict the
envisaged experimental program.

All existing major diagnostics on TEXT-U (except those based on ECE which are
hampered by the combination of low toroidal field and relatively high density), including
those of collaborators, can be used on USTX with minor modifications.

The team at the Fusion Research Center with the addition of two engineers and
the assistance of approximately 12 physicists and engineers from ASIPP is capable of
operating the proposed USTX. The Fusion Research Center team previously operated
TEXT-U, which, with its divertor, three gyrotron systems, diagnostic neutral beam,
stochastic-field coil set, and full diagnostic set, was of approximately equivalent
complexity. A majority of the physicists from that team are still at the FRC. That the
team is capable of producing results is demonstrated by its publication record (see
Appendix E).

1.6 Relationship of USTX to other proposals

Tables 1.3 and 1.4 list some of the major characteristics of USTX, together with
those of PEGASUS [17], GLOBUS-M[18], MAST [19] and NSTX [20). PEGASUS is an A
= 1.1 START-scale machine being proposed by the University of Wisconsin, Madison.
To our knowledge the Russian device GLOBUS-M, a small (10-ms pulse) Brazilian device
ETE[21], and MAST (at Culham) are the only low-A tokamaks approved for construc-
tion. GLOBUS-M is designed for A = 1.6, and because of its small size, the confinement
will not be dominated by the physics of low A (chapter 4). The proposal for NSTX
presented by staff of the Princeton Plasma Physics Laboratory at the March, 1995 Field
Task Proposals meeting at Germantown, MD, represents the most ambitious proposal,
with a construction cost of $26.5M including renovation of beam lines ($18.5M without
beam upgrades).

While the physics goals of the various proposals overlap in some areas, they differ
widely in approach, and each device has unique capabilities. These proposed devices are
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complementary rather than redundant. The distinguishing feature of USTX is that it is a
1-MA-class ST capable of producing a quality target plasma for RF and NBI heating and
current drive for an extremely low cost (to the U.S.). Other features of USTX include the
engineering approach and state-of-the-art diagnostics (such as the existing heavy-ion
beam probe, to be operated by a group from the Rensselaer Polytechnic Institute).
Another distinguishing feature is that USTX is to be built and operated in a university
setting (in collaboration with a variety of laboratories), and will result in the training of
many capable scientists. We emphasize that, with the exception of GLOBUS-M, ETE,
and MAST (all outside the U.S.), none of these proposals has received construction
approval. Note that the existing moderate-A tokamak database was only achieved
through the combined research of some 40 devices. Existing results from low-A
tokamaks are exciting but preliminary in nature. The next step in low-A tokamak
research should be a flexible, minimum-size (but relevant), minimum-cost device to
address physics issues crucial to the international fusion program. USTX is this step. We
are eager to pursue this next step in low-A tokamak research.
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CHAPTER 2

FUSION-ORIENTED RATIONALE FOR
LOW ASPECT RATIO

Here we review some of the advantages of low aspect ratio, first using simple analytic
estimates in Sec. 2.1. The emphasis is on the choice of possible reactor architectural
parameters, and how they vary with aspect ratio. The many simplifying assumptions are
noted. These analytic estimates are intended to complement detailed systems-code
studies, by showing that many of their results can be simply understood. Note that
initially no account is taken of the energy costs of either current drive or toroidal field
production, but that the toroidal field costs are considered later. The code results in Sec.
2.2 do account for these and many other factors. This second section summarizes
proposals for a low-aspect-ratio reactor, a low-A neutron source, and a low-A divertor test
facility. Here the emphasis is on what is required to make a viable low-A option, rather
than whether the physics and engineering parameters are completely consistent. Taken
together, the two sections provide a set of assumptions and requirements which a low-A
tokamak must satisfy if it is to be considered for a neutron or fusion power source. This
set provides the basis for a list of critical questions, Sec. 2.3, which USTX must answer.

2.1 Machine architectural parameters

Low-aspect-ratio tokamaks have been proposed as possible neutron sources and as
maintainable fusion power plants with a competitive cost of electricity. Here we present
simple physics and scaling arguments which explain some possible advantages and
disadvantages of low aspect ratio over normal aspect ratio. The assumptions which lead
to the usefulness of low aspect ratio are noted; testing these assumptions provides a main
part of the experimental research program in the proposed USTX facility.

D-T fusion yield

The major objective of low aspect ratio considered here, is to permit a smaller
machine size than at normal aspect ratio (A = 4). Therefore, the machine-encompassing
volume V,, =2xKka(R, +a)? required to achieve a certain neutron power, with relevant
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constraints applied, is derived as a function of A. In particular V,, is derived as a function
of F=P,/ (W/zg ), with Pg, the alpha-particle power, 7g the energy confinement time,
and W the stored energy. F is related to the ratio Q, =P, /P, , by Q, =4F/(1-F).
Here, P, is the power carried out of the plasma by the neutrons, and P,,x is the auxiliary
heating power.

For a D-T Maxwellian plasma with the reacting temperature between 5 and 20
keV, where (0v) o< T2, Py, can be written as

g2 (1+ 7, +77)?
1+2(y,,+yT)

Py (W)=15x10"37(n1)2V (2.1)

where V(m3 ) =272 K‘Roa2 is the plasma volume, (...) denotes a volume average, the
profiles of density #(m3) and temperature T'(keV) are given by the following functions of

Yaand yr

27;1!77‘
n,T=no,To[ r/a ]

and g=2Z; (Z ~Zyr / [ Z; -1)2Z; +1-Zyp )] accounts for fuel dilution. Then,

2
147, +
F=32x10"2(nT)1g g1+ 7 +77)’ 2.2)
1+2('yn + ’)IT)
or, using energy balance,
_2x10° Py} g2(1+7, +77)> s

3V 1+2(y, +77)

where Py is the total heating power (external plus alpha). Note that in deriving the
machine parameters required to achieve a certain F, the energy cost of producing the
plasma current is not considered. To proceed further, an expression for Py 1:% / V in
terms of A is required.

Confinement scaling

Consider scaling relations for 7z of the form proposed by Goldston [1, 2];

Tg(s)=cHI,(A)Pg (W) 03 k%5 Ry (m)** a(m)%s, (24)
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where for L mode ¢ = 3.7x10-5, og = 1.75, and o = -0.37. The factor H describes any
improvement in confinement over L mode. No explicit density or toroidal field (B7)
dependence is considered. The form of the scaling with power is important, because in
this particular case F is independent of power. The parameters o and o, are left as free
parameters to investigate how their uncertainty affects the final results. Using Egs. (2.3)
and (2.4), we find that

-6 27,2 20p 2a, 2
_2x10° 2 H2 L2k Ry MR 0% g2(14y, +y7)
3V 14+2(7, +771)

(2.5)

in MKS units. The objective is to observe how this parameter varies as A is reduced, wigh
certain constraints applied. Equation (2.5) can be written approximately as F o (I P A) 3
that is, reducing A degrades F, and the loss must be made up by using a larger Ip.

Constraints

The plasma current I, in Eq. (2.5) is assumed to be restricted by the edge safety
factor g, which is taken in the form of a fit to numerical and analytic low-aspect-ratio
equilibria [3]:

-2
0.68 12
q= qcyl (122 o= T)[l - (X) ) ) (26)

with the large aspect-ratio (cylindrical) part given by

2ma? By, [ 1+ K7 (1+282 -1.26%)
Hol,Ro 2 :

eyl = 2.7)

(Throughout this document we use g rather than qy to denote the true safety factor.)

The plasma surface is described by the equation R= Ry +x with
x=acos(a+Jsine) and y=aksina, where § is the triangularity and « the vertical
elongation of the cross section. (& is not accounted for in the volume.) Note that g as
written does not give the correct limit as A — oo (see chapter 3). The toroidal field Byy in
Eq. (2.7) is the vacuum field at the plasma geometric axis, which is assumed to be given
by

Brp = Brmax (A-1)/A. (2.8)
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That is, it is limited by restricting the field to a maximum BTmax at the inner toroidal-
field-coil leg which has no associated radial width in the inner equatorial plane.
Therefore, the problems associated with the toroidal Jfield generation are ignored.

Machine size

Equations (2.5) through (2.8) can be combined to determine the architectural
parameters Rg and a, as well as the field parameters I, and By, uniquely as functions of
the aspect ratio A. The machine-encompassing volume Vm is found to be given by

Vm = (Mg Fam ()1 5 (8, ) /02 22) 2.9)
where
_48x 1077 72 (27)(20a-1422) /3 [1+2(7, +77)] %
. ICHg(l+7,, +7T)BTmax]2 ,
4
1-(1/4)> 2
f4m (A) e ( (A( i 1))2 ) (1.22 i %) A(5—2ak) (1 + A)2(2aa -1+2ap )/3’ (2.1 1)
K,(201‘, -1+2ag)/3
and f5(6,x)= (2.12)

[1+x2(1+262 —1.263)]2 '

From Eq. (2.9), the ratio ry,, =V, (A)/V,,(A=4) of machine volume at any
aspect ratio A to that at an aspect ratio A = 4, can be derived. It is a function of aspect
ratio only as long as the confinement characteristics (c, H, op, o), the profiles (7r, ),
the impurity dilution (g), the shaping factors (X, 6), and the operational value of q are
aspect-ratio independent. Note that low-A machines can operate at higher values of x
than can high-A machines without requiring feedback stabilization. This advantage of
low A, however, is offset by the difficulty of feedback suppression of n = 0 modes at low
A, because of the large currents involved.

Figure 2.1 shows ryy, using the accepted values o = 1.75 and @ = -0.37 (solid
line). Reduced volumes are possible for A < 2, with significant reductions (greater than
25%) when A < 1.5. As A is reduced at fixed q, either g(0), the value on axis, becomes
less than unity, or, to avoid this, the plasma current density must peak near the plasma

2-4



USTX Proposal

edge. Such hollow profiles must rely on bootstrap currents and non-inductive current
drive. The delineating aspect ratio Ay between peaked and necessarily hollow profiles is
the one for which the current-density profile is flat and q(0) =1, i.e. where gcyl = 1 (Eq.
(2.7)). Because the shaping parameters (x, 8) diminish as the magnetic axis is
approached, this constraint still permits g(0) < 1, or alternatively, hollow current-density
profiles. However, this diminution of shaping parameters, leading to lower g on axis or
hollow profiles, is considered to be offset by the increased toroidal field from the
paramagnetic effect, which increases ¢ on axis or, equivalently, allows flatter profiles.
Taking gmin = 3.2 gives Ay = 1.38, and Fig. 2.1 then yields ryy, = 0.5. That is, a 50%
reduction in machine volume is achieved to obtain a given normalized neutron power.

200
1.75}
1.50}
125}
Vm 1.00}
0.75}
0.50}
025}

1.0 1.5 2.0 2.5 3.0 35 4.0
A

FIG. 2.1. The ratio ry,, =V,,(A)/V,,(A=4) of machine volume V, to that at aspect
ratio A = 4 as a function of aspect ratio. Solid line o = 1.75, short dashes og = 1.925,
long dashes ag = 1.575. o, =-0.37.

Also shown in Fig. 2.1 are the values of ry,, with o perturbed by +10% (otg =
1.925, short dashes) and -10% (o = 1.575, long dashes). The choice of o is important,
since near Ay, a 10% change in ag from the accepted value changes ry,, by about 50%.
Clearly the assumed confinement properties are critical; confinement experiments must
be performed in the relevant geometry.

Figure 2.2 shows the sensitivity of ry,, to the assumed minimum safety factor ¢,
again for different values of ag, for an aspect ratio A = 1.25. It is assumed that the
normal aspect-ratio case (A = 4) is operated with g = 3.2. The nominal case (g = 1.75)
permits an advantage at low A (i.e. ry,, < 1) only if ¢ < 4.5. However, the maximum q
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that can be tolerated before ryn, > 1 is itself critically dependent on ag, i.e. on the
confinement properties at low aspect ratio. For example, decreasing og by 10% allows
this advantage up to g = 5.5, while increasing a;g by 10% removes any advantage of low
A for g > 3.5. Again we deduce that confinement experiments in low-A geometry must
be performed before predictions about usefully reliable low-aspect-ratio advantages for
fusion can be made.

3.0

3.5 4.0 4.5 5.0 5.5 6.0

FIG. 2.2. The ratio ry,, =V, (A)/V,(A=4) for A = 1.25, as a function of assumed
minimum g, with three values of ag. Solid line for o = 1.75, short dashes for R =
1.925, long dashes for ag = 1.575.

Plasma current

The reduced machine volume possible at low-A comes at the expense of larger
plasma currents. That is, low aspect ratio allows large plasma currents, whose
confinement properties offset the loss in confinement time associated with the changed
geometry. The resulting expression for r;, =1,(A)/1,(A=4) is a function of aspect
ratio for A-independent confinement characteristics (c, H, ag, 0g), profiles (yr, %),
impurity dilution (g), shaping factors (, &), and operational value of g. Figure 2.3 shows
rip increases significantly as A is reduced, and at A = Ay = 1.38 (below which hollow
current profiles are a necessity) ry, = 4. Since there is little room for poloidal field coils
at the small-major-radius side of the plasma, current drive becomes a necessity. Because
the gains associated with low A have not considered the power associated with this
current, current drive must be at a high (but as yet undetermined) efficiency.
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5 5

2 Plasma Current

3 L

p
2 L
1 L
1 2 3 4 5
A

FIG. 2.3. The ratio rj, =1,(A)/1,(A =4) of plasma current at aspect ratio A to that at
A =4, as a function of aspect ratio, for ag = 1.75, o, = -0.37.

Wall loading

Tokamak reactors suffer from large energy fluxes to material surfaces. In an
ignited machine (Q = oo, F = 1) the general problem is characterized by the neutron or
alpha power per unit first-wall area, or wall loading. This ratio is calculated using the
surface area of an elliptical plasma, S = 271:2Ra(1 + k), which is the appropriate first-wall
area for large A where a blanket surrounds the plasma. At low A there is no blanket at the
inner equator, and the area of a spherical shell is more appropriate. However, because the
area associated with the inner-major-radial wall becomes vanishingly small as A — 1, the
error introduced by using the elliptical version is small.

With the definitions of pressure (p) =2k, (nT) (kp is Boltzmann’s constant) and
beta with respect to the vacuum toroidal field f=2uq(p)/ B%o, and assuming that a
limiting value of 8 independent of aspect ratio exists [4],

B=107%p A% (2.13)
N O e .
a(m) Bz, (T)
then the alpha particle power can be written as
2 2
1+y, +
P, <4.58x1071052 & (+7n+77) KRoBF, 12, (2.14)

N 1+2(y, +77)
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Thus, the neutron power P, = 4P, and the neutron wall load I'y=4P, /S are
determined. Restrictions are imposed using Eqgs. (2.6) and (2.7) for I, and Eq. (2.8) for
Bry. The major radius Ry is that of the optimum machine, discussed above. The result
is an expression for the maximum neutron wall loading I',. The ratio
rra =T, (A)/T ,(A=4) is a function of aspect ratio only as long as the remaining
parameters are aspect-ratio independent.

Figure 2.4 shows rp, against A. The advantage of high aspect ratio (A > 4) is
apparent. At the point Ay = 1.38 (i.e. a flat current profile) then rpy, = 1.5, that is, worse
than the standard A = 4 case. However, rry, < 1 for A < 1.25.

2.00 Wall Loading
1.75¢
1.50

0.75¢
0.50¢
0.25

] 2 3 4 5
A

FIG. 2.4. The ratio rp, =T ,(A)/T, (A=4) of neutron wall loading at aspect ratio A to
that at aspect ratio A = 4, as a function of aspect ratio, for ag = 1.75, o, = -0.37.

The maximum Sy, restricted by wall loading, increases with increasing
confinement time. This is because T, <V/Se<ae<R, at fixed A; increasing
confinement allows a smaller Ry, and thus (see Eq. (2.14)) a higher By for a given
loading. For the scalings assumed here, By max = (P, /S):I/I:x « HY2, Figure 2.5
shows the values of Bymax as a function of H, restricted by Pp/S = 5 MW/m2, for the
smallest possible ignition machines at different values of A. Conditions taken are q=3.2,
Bmax=13T,g=09, 3 = Y1=0.5,x=2,and 6= 0.3. (Remember that BTmax is the
value at the inner TF leg.) We see that for these ‘smallest high-yield machines’ By < 3,
i.e. presently attained values are sufficient.



USTX Proposal

1.0 15 20 25 30 35 4.0

FIG. 2.5. The maximum normalized beta Symax possible as a function of the
confinement improvement factor H, restricted by neutron wall loading of 5 MW m-2.
Other conditions are given in the text. Results are shown for A = 1.25, 1.43, 2, and 4.

Toroidal field production

The simple analysis presented above shows that gains (in allowing a smaller
machine-encompassing volume) can be achieved in principle by using low aspect ratio.
In particular the smallest ignition machine is provided by the largest toroidal field. In
what has been presented so far a simple maximum toroidal field Byy,,, at the toroidal
field (TF) leg surface at Ry —a has been assumed, with no account taken of any nuclear
blanket thickness, or of any power dissipated in the TF leg. Here two more realistic cases
are presented:

1) a superconducting TF coil (no power dissipated) with a nuclear blanket
of thickness w, and

2) a normal copper coil with associated power dissipation, but no blanket.

Superconductor TF coils

For the superconducting case with blanket thickness wj, we replace Eq. (2.8) by

i (A—l) L WbA
Br0 = Brmax ~— (1 XA (2.15)
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Then the expression for the minimum major radius Ry is given by

( F, 2
Rsc a 2 5

+ (2.16)

Jl/(ZaR—HZap)

(a-1)’

Copper TF coils

Here we consider the constraints imposed by the power required to produce the
toroidal field using copper coils. No nuclear blanket is considered; easy TF coil
replacement is assumed. For a central TF leg of height 2 xa and radius at the equator
Ry — a, the power consumed in producing the toroidal field is

2
Prp = SnﬂzBm“Ro [l—exp(—l.3ah/A—l)]. (2.17)
HoSfcul

The power consumption in the outer TF legs is assumed negligible, because these can be
made with as large a cross section as is necessary. The parameter f, represents the
conducting fraction of the TF leg area (assumed independent of height), the remaining
fraction being used for cooling. The function [1 - exp(—1.3w«/-A_—_1 )] describes the
reduced TF leg resistance possible if the full central aperture is used; @ =1 for a plasma
with an elliptic cross section, and @ = o for a triangular plasma (6 =1). We assume that
it is possible to remove the heat generated in the TF leg by water cooling, and that in so
doing the resistivity is given by n=2x10"8Q-m. A working constraint is that the
power Pz should be a small fraction of the total electric power of the reactor; we write
the recirculating power fraction as

Prr _ Prp
z=-TE-__IF (2.18)
Py  faPy,

where we assume a futuristic f el =0.4 efficiency of conversion from neutron power to
electricity. We also assume all neutrons produced can be utilized towards producing
electricity. Two limits to P, are now considered: a wall loading limit and a beta limit.

Wall loading

Material availability restricts the possible neutron power per unit surface area to
values I, =P, /S<T .0 <5 MWm2. This imposes a maximum neutron power P,,
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and thus with Py defines a recirculating power fraction X- The toroidal field can then
be expressed in terms of y. Finally an expression for the major radius Ry results, which
is the major radius of the smallest machine possible to achieve a specified value of F and
X at a specified aspect ratio A, with the assumed values of safety factor g, geometry x
and 6, confinement parameters ¢ and H, impurity content g, profile factors ¥, and
7T, restricted only by the wall loading T",:

1
L92x10 8 znFg2[1+2(y, + 771 )] | — g-130VAT )K 2ag+2a,
Hoxfeafcul noc H g* (147, +77)° f1(A)f3(8,6)1+ )

(2.19)
BN limit

If By is the restricting parameter, then the associated major radius R BN is found

to be
hoon 20 Y,
1.39x10'7 nc?2 B2 (1 — e 130VA-1 )A7 (A-1)"2 A~(4+20,) 320520,
R.. =
By 48ﬂ2ﬂ;2\,xf elfcuF
(2.20)
Results

We use the values of various parameters given in Table 2.1. Figure 2.6 shows the
machine encompassing volume V,, as a function of aspect ratio A, for the copper coil
model with ¥ =0.1, ¥=0.25, and ¥ =0.5, the simple model with B, = 13 T
('simple’), and the superconducting model with Brmax = 13 T ('sc’). The B limit
restricts the copper coil model R and Vn at the lowest and highest A, with the wall
loading limit restricting at intermediate 4. The optimum device is where these two
limits are equal, and occurs for A=~1.2. It is not possible to construct an exothermic
tokamak reactor with lower aspect ratio.
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Table 2.1. Values used in the examples

arameter value
q 32
Yn 1
’r 1
g 0.9
c 3.7x10°5
H 3 (VH mode)
F 1 (Ignition)
K 2
o 0.3
a, -0.37
op 1.75
T 0 (Wm-2) 5x106
Bn 5
Sel 04
if Cu 0.7
7 (Q-m) 2x10-8
y 4 0.1,0.25,0.5
(1)) 1, oo
400
350}
300}
250}
V.. (m3
[n(m°) -
150}
100}
50}
1 2 3 4 5
A

FIG. 2.6. The machine-encompassing volume V,, as a function of aspect ratio A for
different recirculating power fractions X. Solid line ¥ = 0.1, broken line x=0.25,
dotted line ¥ = 0.5. Other values are found in Table 2.1. Also shown are values for the
simple model with Bry,ay = 13 T (‘simple’), and the superconducting case with Bfimax =
13T ('sc).
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Advanced fuels

The central toroidal-field-coil leg has particular problems, because the conductor
(e.g. copper) cannot be shielded from neutrons if low A is required. Neutron damage is
measured in displacements per atom (dpa), and a D-T neutron flux of 10 MW/m?2 for one
year is approximately equivalent to 150 dpa. For copper and its alloys the neutron-
induced swelling is highly temperature sensitive. Values less than 10 dpa are
recommended, although no data at high dose (> 5 dpa) exist [S]. At a continuous 5
MW/m?2, a copper central conductor would need to be replaced at least every 2 months.

The use of D-He3 fuel has been suggested (see [6, 7] and references therein), with
a consequent reduction in neutron flux and associated damage. Direct conversion is then
required [8]. Two effects, the reduction (with respect to D-T) of the reaction cross
section, partially offset by an increase in the energy retained by the plasma due to
improved confinement of reaction products (which are all charged), lead to a decrease in
the ratio F in Eq. (2.2) by a factor of 10 to 20. Repeating the analysis above leads to the
conclusion that larger devices with higher currents are required for D-He3 than for D-T
machines. For example, if Ip were not increased, a D-He3 machine volume would have to
be a factor of 100 larger than the corresponding D-T machine with similar output.
Optimization for D-He3 devices which include energy accounting for the driven and
bootstrap current lead to an optimum aspect ratio A = 2.

Conclusions

The case study of the machine parameters required to achieve a certain Q as a
function of aspect ratio was made tractable by means of certain assumptions. In
particular, it was assumed that the inner toroidal field leg occupies no space at the inner
equator, the costs of maintaining the plasma current were not considered, and initially the
costs of producing the toroidal field were ignored. The results then show that much
smaller (less than 50 % by volume) ignited plasmas can be built at low aspect ratio (A =
1.3) than at normal aspect ratio (A = 4). The penalty is that an externally and bootstrap-
driven plasma current must be provided that is approximately four times that at normal
aspect ratio.

Some important values of A are implied. Below A = Ay = 1.4 hollow current
density profiles are a necessity (if g(0) > 1). Including the power to provide the toroidal
field restricts A > 1.2. To reduce the wall loading at maximum beta to that of the
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standard A = 4 case, A < 1.25 is required. However, published studies for D-He3
machines which include the energy cost of current drive conclude that A = 2 is optimum.
Note: the higher aspect ratio dictated for D-He3 also easily meets the constraint A > 1.25
required by TF post considerations described earlier.

The results depend critically on the stability and confinement properties of the
low-A plasmas. Sensitivities to the assumed lowest g, and to the scaling of confinement
with geometry, are significant. For this reason the relative fusion advantages of low
aspect ratio need to be tested.

2.2 System studies: desirable properties at low aspect
ratio

Here we discuss some properties of low-aspect-ratio tokamaks that would be
desirable (if not necessarily achievable), if they are to contribute to engineering progress
in fusion. Engineering and cost constraints suggest the physics results that would allow
viable next steps toward power plants, neutron sources, or divertor test facilities. These
properties partially determine the research on USTX, leading to a list of experiments to
be performed. This work has been performed by our colleagues at ORNL [9-11].

Power plant

First we consider properties which have been assumed in designing low-A
tokamak power plants, together with the present standard-aspect-ratio tokamak data and
the most advanced physics projections of high aspect ratio (see Ref. [10]). Data derived
using SUPERCODE [12] is given in Table 2.2 in which Ap is the pressure e-folding
thickness, and Agqy is the scrape-off layer thickness for heat flux.

Modest external field and high plasma current in small size are properties of low
aspect ratio that lead to reduced weight and capital cost for the fusion power source.
Strong plasma shaping, high steady-state confinement, and high stable beta ensure
ignition capability in a small tokamak plasma. Normal-conducting toroidal-field coils
that dissipate power become acceptable under these conditions. Effective non-inductive
startup to the full plasma current would eliminate the need for an inboard solenoid and
contribute to lowering the aspect ratio. High self-driven current and efficient current
drive minimize the external current drive and recirculating power. A thick scrape-off
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The absence of

disruptions and a simplified fully de-mountable configuration would make the

development of reliable and maintainable fusion devices more likely.

Table 2.2. Desirable Low-A Properties for Economic Power Production.

Tokamak Power Source Parameters or Present  Advanced Desired
Properties Features Best Data High-A Low-A
(aspect ratio) (Ry/a) (2.5-3.5) (4.5 (1.1-1.3)
Modest external fields Iplly 0.2 0.04 1-3
Ipllys 0.2 0.1 1
High current in small size L/aBry (MA m-1T-1) 2 1 ~10
Strong plasma shaping LglaBty (MA m-1T-1) 10 4 ~100
High steady-state confinement | H (ITER power law) 2.5 4 ~4
High stable toroidal beta (B) =2uo(p)/By> 0.1 0.06 ~0.3-1
High normalized beta B=(B)aBpy/L, 3.0 5.0 ~5-10
Non-inductive startup You/Lyl, 0 0 0
Non-inductive current drive Yeo (& IcpRo(ne)/Pcep) 0.3 0.3 0.3
High self-driven current Leil/1, <0.85 20.9 20.9
Thick scrape-off layer Ap = Asor/3 (cm) 2 2 ~10
Free of disruption disruption probability small small zero
Adequate maintainability jointed TFC no no yes

The above properties, when assumed in systems-code calculations of reactor

parameters and economics lead to improvements in the potential competitiveness of
tokamak fusion power. Table 2.3 summarizes the best projected capital cost and cost of
electricity (COE), assuming an ITER-like costing approach in 1993 dollars, for the three
cases of Table 2.1, each producing a net electricity of 1000 MWe. The low-aspect-ratio
tokamak option further uses a single-turn Cu center leg for the toroidal field coil,

eliminating inboard induction solenoid, insulators, and shielding. Non-

inductive

initiation and ramp-up of full plasma current is therefore required. Blanket, first wall,

divertors, and Cu center leg for low aspect ratio are replaced regularly and treated as fuel
cost. The best-experience pressurized-water fission reactor (PWR) producing a net
electricity of 1200 MWe is included for comparison.
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Table 2.3. Power source parameters and cost components, compared with the
best-experience pressurized-water fission reactor (PWR).

Present Advanced Economy Best
Best Data  Physics Driven PWR
High-A Low-A

Normalized average toroidal beta By, | 3.5 5.0 5.8 N/A
Average toroidal beta (B;) 0.055 0.046 0.44 N/A
Steady-state confinement H-factor 1.7 2.5 24 N/A
Plasma (core) size Ry + a (m) 8.5 7.3 54 ~2.5
Aspect ratio Ry/a 2.8 4.5 1.2 N/A
Toroidal field at R, (T) 5.6 7.0 24 N/A
Plasma current I, (MA) 19.8 8.5 43.0 N/A
Fusion neutron wall loading 2.6 34 6.0 N/A
(MW/m?)
Power core mass (ktonne) 30.8 229 9.7 ~2
Core mass power density 324 437 103.3 ~600
(kWe/tonne)
Total capital cost ($B) 7.48 5.28 3.62 2.66
Balance of plant cost ($B) 2.09 1.80 1.77 1.81
Power source equipment cost ($B) 5.39 3.48 1.85 0.85
Total cost of electricity (¢/kW-hr) 14.78 10.81 8.43 6.12
Capital investment (¢/kW-hr) 12.69 8.95 6.15 4.23
Operation and maintenance 1.06 1.06 1.06 1.03
(¢/kW-hr) i
Fuel (¢/kW-hr) 1.03 0.80 1.23 0.86
blanket and first wall (¢/kW-hr) 0.73 0.61 0.74 0
divertors (¢/kW-hr) 0.19 0.09 0.14 0
copper TFC center leg (¢/kW-hr) 0 0 0.25 0
tritium or uranium (¢/kW-hr) 0.06 0.06 0.06 0.80
waste handling (¢/kW-hr) 0.05 0.05 0.05 0.06

The COE varies widely among these four cases, due primarily to variations in the
capital investment (cost of money) for the total capital cost of the power plant. The
capital cost is itself dominated by the cost of power-source equipment (tokamak and
support systems). The economy of tokamak fusion therefore depends first on attractive
plasma physics properties that minimize the cost of the power source equipment, and
second on the device physics and configuration features that permit adequate
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maintainability and reliability for sustained power production. It is seen that low aspect
ratio could lead to the most attractive tokamak power plant. Its direct cost would be
about $1B higher, and its COE about 2 ¢/kW-hr higher, than the best-experience PWR
power plant, but it is significantly cheaper than the best envisioned conventional-A
tokamak reactor.

High-volume plasma neutron source (HVPNS)

Another objective for low-aspect-ratio tokamaks is to make a high-volume plasma
neutron source (HVPNS) for testing materials and power-producing blankets [9].
Proposed (i.e. assumed possible) parameters are listed in Table 2.4 [13), and contrasted
with those of ITER. It is seen that the low-aspect-ratio tokamak can offer a cost-effective
approach for a HVPNS because of small size and modest requirements in tritium, fusion,
and power consumption, while providing adequate neutron wall load and first-wall area
for testing. The key physics and engineering issues for a low-aspect-ratio HVPNS are
similar to, but more modest than, those desired for competitive energy production. The
D-T physics performance of the HVPNS is expected to be defined by Q ~1; steady-state
operation is not required.

Divertor test facility

Because the natural divertors for low aspect ratio are located significantly inboard
of Ry (Rgy ~0.2-0.3 m), high divertor heat flux can be produced without requiring
large auxiliary heating power. Given that a long divertor channel (~1m) is also
provided, a 1 MA-level device would become useful for testing ITER-relevant or
equivalent divertor concepts. A comparison of the divertor power flux factor (P/Rgy)
for a single-null natural divertor in the low-aspect-ratio experiment with the advanced
divertors in DIII-D and JET is provided in Table 2.5. It is seen that a low-aspect-ratio
experiment at the MA-level, using a heating power of 3—10 MW, will have the ability to
achieve values for (P/Ry,) similar to those anticipated in ITER.
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plasma neutron source, compared

ITER  Super Normal Normal
EDA  Conductor Conductor  Conductor
StandardA Low A

Neutron wall load (MW/m?) 1 1 1-2 1-2
Normalized toroidal beta By, 2.0 25 25 3.0
Steady-state confinement H-factor | 2.1 2.5 25 25
Inboard shield (m) 1.2 0.72 0.23 0.03
Plasma size Ry+a (m) 11.1 4.7 2.8 14
Aspect ratio Ry/a 2.7 44 2.5 1.3
Toroidal field at R, (m) 5.7 7.7 4.3-5.5 2.0-24
Plasma current (MA) 24 6.4 9-11 9.4-104
Plasma drive power (MW) 0 140 60-90 19-29
Fusion power (MW) 1500 360 120-260 32-65
Steady-state power consumption 200 330 540-700 130-180
MW)
First wall area (m?) 1300 290 100-107 26

Table 2.5. Comparison of anticipated divertor power flux parameters for ITER,
DHI-D, JET, and a low-A tokamak experiment such as USTX (Phase ).

ITER DIII-D JET Low-A
Major radius Rg (m) 8.1 1.6 3.0 0.7-0.8
Divertor channel radius Rgjy (m)| 8 1.5 2.8 0.2-0.3
Aspect ratio Rg/a 2.7 2.5 25 1.2-1.5
Field at divertor (T) 6 2 2.5 1.0-2.0
Plasma current (MA) 24 2 5 0.5-1
Plasma heating power (MW) 300 25 50 3-10
Divertor power flux factor 38 17 18 15-50
P/Rdiy (MW/m)
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2.3 Critical questions to be addressed on USTX

The analysis and comparisons presented in Secs. 2.1 and 2.2 show that the
following questions and éxperimental goals are critical. All can be addressed on USTX,
although the full exploration of questions 3, 4, and 9 probably requires the addition of a
neutral beam, as envisioned in Phase II. The full exploration of question 6 requires first
the development of relevant theory, followed by low power tests, before full power
current drive can be implemented in Phase II. Most importantly, whether low-A
tokamaks are worth pursuing as fusion devices depends on the confinement properties of
such machines; these properties are unknown.

1. Can plasmas whose confinement is dominated by physics at low aspect ratio be
operated at A =~ 1.4 and A = 1.25? We note that no existing machine meets this
criterion, as existing devices have less than 10% of their confinement volume at
low A.

2. What operating regimes are available? In particular, what current density
profiles can be achieved? What is the lowest possible g for operation?

3. What are the confinement properties at low A? In particular, what is the
scaling of energy confinement with A, what gains over L. mode can be achieved,
what pressure-profile peaking factors can be achieved, and what impurity
accumulation effects exist? How do these compare with those at normal A?

4. What is the maximum permissible B at low A, and how does it compare with
the normal-A case? Are values of By = 3 - 5 attainable?

5. What fraction of the plasma current can be maintained by bootstrap current?

6. What external current-initiation and current-drive scenarios can be used, and
with what efficiency?

7. Can low-aspect-ratio tokamaks be operated disruption-free at low g?

8. Can wide scrape-off layers be produced?
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9. Can high confinement, high beta, low safety factor, large bootstrap-current
fraction, and high current-drive efficiency be obtained simultaneously?

10. Can a machine such as USTX be used as a divertor test facility?
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CHAPTER 3

PHYSICS OF LOW-ASPECT-RATIO TOKAMAKS

The USTX program will allow us to explore the continuum leading from normal tokamak
operation to the low-aspect-ratio limit. Thus, we will be able both to investigate the
unique features and advantages of low-A tokamaks and to help elucidate general tokamak
physics. In this chapter we discuss this physics, beginning in Sec. 3.1 with the basic
effects that distinguish low A from high A. Then, under each major topic in Secs. 3.2 to
3.6 we discuss both the implications for tokamak performance and the opportunities for
basic research on USTX. By extending studies of stability and transport to low aspect
ratio, we will both enlarge our understanding of these basic phenomena and further define
the reactor potential of the low-A regime.

3.1 Basic issues

Toroidal field variation

Nearly every distinguishing feature of the low-aspect-ratio tokamak results from
the variation of the toroidal magnetic field with major radius,

By = F(y)/R, (3.1)

where F( I/I) is a slowly varying function of the flux coordinate. On a flux-surface
Br(r,0) o< (1+€cos8) ™!, where e=r/ Ryy. (For this simple discussion, we take r to be
a flux label denoting the horizontal radial distance to a flux surface, and 6to be a poloidal
angle-like variable.) As £ — 1 the toroidal-field variation on a flux surface becomes
extreme,

By (r,0)/Br(r,m) = (1+ £)/(1-¢) — = (32)
At the plasma edge this ratio is 5.7 or 9.0 for A=1.43 or A=1. 25, respectively. As we

emphasize throughout, this implies strong poloidal asymmetries of most physical
quantities, e.g., the local toroidal current density (Sec. 5.8).
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On the other hand, the poloidal field,

B, = [Vy|/R, (3.3)

remains finite and its low to high-field-side ratio is of order unity, since the plasma
current density is everywhere finite. That is, |Vy|=(dy/ or)Vr| should itself vary as R,
with corrections of order unity. To illustrate the effects of low A we will assume constant
poloidal field on the flux surfaces, B, (r,0)=B,(r). To simplify the figures we map this
elementary model, extended to include ellipticity and triangularity, onto concentric
surfaces. Of course, with real equilibria, especially at high B, we will have to take into
account the radial dependence of the Shafranov shift and the variation of B, with 6.

Many quantities entering any theory then depend on two flux-surface averaged
dimensionless quantities, denoted, in the notation of Howe [11, by

RyV'  RyV’/ 1
cy = (Bp2)—=2 = =0 ( > 34
v =B anr? \R? %
RyV’ RV’ [|Vr?
cg = (B 2)—=1 = L : 3.5)
o = (27) anr?y? 4wl \ R2 (

where y’=dy/dr, V'=9V/or= §dl/ B, is the radial derivative of the volume
enclosed by r, and (...)= §dl.../Bp / V’ here represents the flux-surface average. The
normalization is chosen to yield convenient values of order unity for normal aspect ratio.

Note that at low aspect ratio ¢y varies much more strongly with radius than Cg.
In our model (with zero triangularity) we find that V’ = 452 KrRy,

cp(r) = x/ (1-¢2)"2, (3.6)
co = (1+1c2)/21<. 3.7)

These enter, for example, into the equation for the resistive evolution of the current or
poloidal flux [1]. See Blum and Le Foll [2], Pfeiffer et al. [3], and Hogan [4] for
alternative notations.

The most obvious manifestation of the strong variation of Br is in the variation of
the field pitch on a surface and the strong increase in the safety factor g(y). (Recall that
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we denote by g what is often labeled qy-) In our model the safety factor (again with zero
triangularity) is given by

cy(r) dey (r)
qr) = 22g,(r) = T (3.8)
K yl (1_82)3/2
with
2 2 2 ZB
deyi(r) = cokqg(r) = (HTK]%:(’)= (1+21c )ﬂ::;ol T((;), (3.9)
P

where « is the elongation, By, is the toroidal field at the magnetic axis Ry and I, (r) is
the plasma toroidal current contained within the radius r. In the spheromak limit, £ — 1,
the true safety factor would actually diverge as (1— 82)_2 rather than (l— 82)_3/2,
because an ellipsoidal separatrix forms intersecting the major axis [5, 6]. This is
unimportant for the range of A considered for USTX; Eq. (3.8) agrees well over this
range with the empirical formula g = gy (1.22-0.68¢)(1-£2)2 of Peng and Strickler
[6], which we use elsewhere (e.g. chapter 2). (Numerical equilibria at high B yield
somewhat lower values of q [7]). Equation (3.8) also yields the correct limit as -0
which we will need for profile considerations. Figures 3.1a,b show the field-line
behavior at A =1.25, one of the point-design values for USTX (Phase IT). In Fig. 3.1a,
g =10 with g.,; =2.4, while in Fig. 3.1b, q =3 with 9cyl =0.65. The field line has a
steep pitch at the outside of the torus, while wrapping strongly about the central core [6].

Implications

These considerations have at least two sets of implications. First, they complicate
all estimates, extrapolations, and theoretical calculations. Clearly we cannot trust any
argument based on the high-aspect-ratio or small- & expansion. Any expansion in
toroidal/poloidal (n/m) harmonics is also suspect. (The large n ballooning theory should
survive, however, provided the metrics are estimated properly in the transformation.) All
trapped-particle and neoclassical effects must be re-examined, including the fraction of
trapped particles, mean curvature drifts, transit times, mode ballooning, and effective
collisionalities. Further, since the dependence on [ p orq of empirically determined
scalings has not been explored at small A, we do not know for certain which is the
relevant parameter for any extrapolation, or whether other aspect-ratio terms will enter.
We must make educated guesses based on limited numerical and experimental evidence,
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FIG. 3.1a. Field line for g =10, A =125, x=2.0, §=0.3.
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FIG. 3.1b Field line for g =3, A=1.25, ¥=2.0, §=0.3.
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Second, the £-dependence of g raises questions about how to achieve desired
operating regimes. Note from Eq. (3.9) that the plasma current I p(r) and therefore the
current density j(r) is more closely associated with g,,; than with g. This means that
operation at moderately low g while still keeping ¢(0)> 1 will require the maintenance
of a hollow current profile. This is illustrated, for our model, in Figs. 3.2a,b, where a
“normal” g-profile yields a decreasing gy (r) and therefore a rising j(r) in the core.
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FIG. 3.2a. g vs. minor radius for a low-g case with A = 1.5.
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FIG. 3.2b. j vs. minor radius for the same case as 3.2a.
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More extreme examples of this requirement are found when we consider high- B, high
bootstrap-current, or reversed shear regimes [7]. On the other hand, for normal j(r)
profiles, g(0) falls well below unity, suggesting that large modes with n/m = 1/1 will be
driven in practice (coupled to m = 2,3,4,...). Whether these lead to benign sawteeth or
harmful disruptions needs to be investigated.

The shape of F(y) in Eq. (3.1) will also affect the ¢ profile. Tokamaks are
paramagnetic, F(/yys)> F( Wedge) if B, <1. Low-A devices, therefore, tend to be
strongly paramagnetic since B, = (p)v01 / 2p0B, (a)2 is smaller relative to
B=(p)yy / 2,110<B2>v0l than for high aspect ratio. This can be seen in equilibrium
calculations, and it introduces some uncertainties into the MHD stability limits discussed
in Sec. 3.3 [6]. Here, (...),,; denotes a volume average.

Program

Exploring the operational limits set on low-aspect-ratio tokamaks by MHD
equilibrium and stability considerations is one of the principal objectives of USTX. It is
encouraging that START has exceeded favorable theoretical expectations in several
respects [8, 9]: first, by disruption-free operation (internal reconnection events did not
lead to major disruptions), and second, by the observation of higher than expected
confinement (exceeding conventional Neo-Alcator scaling, for example). In addition to
testing these observations at higher current and beta, and in a low-A dominated plasma,
the USTX experiment will investigate turbulence and transport, scrape-off layer physics,
and sawtooth oscillations. We will also provide a target plasma and preparations for
radio-frequency current drive; low-power antenna studies could begin near the end of
Phase L.

We will ultimately require a time-dependent code that couples realistic USTX
equilibria with theoretically credible transport and current-drive calculations. In the mean
time, we will investigate equilibrium, stability, and transport with a variety of models
tailored to individual purposes. Equilibria for initial performance estimates and
engineering design, theoretical MHD stability, and turbulent transport studies will be
generated with separate codes. We have begun to study transport using the simple model
of the present section mapped onto one radial dimension. This approach has proven
adequate to investigate current ramp-up (chapter 5), and will be used to scope out profile
and confinement estimates, based on empirical or “mixing length” models, and to
estimate the current drive required for particular g profiles.
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In each of the areas relating to performance on USTX, there are fundamental
physics issues to be addressed. These will afford almost limitless opportunities for
research into the basic mechanisms of MHD stability, neoclassical effects, turbulence and
anomalous transport, and wave propagation and current drive.

3.2 Equilibrium and position-stability control

To evaluate the expected performance of USTX we construct plasma equilibria
using the EFIT code [10] to solve the Grad-Shafranov equation. Initially, these studies
have been performed for the engineering design using standard current and pressure
profiles (Sec. 5.4) [11]. These profiles are parameterized by a few constants which are
optimized by the code to match a desired ¢(0) and a desired plasma boundary. As noted
in Sec. 3.1, it may be difficult with these profiles to achieve low g(a) while maintaining
4(0)>1. START, however, has operated with g5 as low as 3.9 [12], where g is the
safety factor at the 95% flux surface (corresponding to (r/ a)2 =0.95 in our simple
model). In the future, we will employ a wider range of profiles based on theoretical
characterizations of stability and transport. We have also begun to develop a fast
interactive Grad-Shafranov solver based on advanced adaptive grid methods [13, 14].

Control of shape in a low-aspect-ratio tokamak may be difficult. Since poloidal
field coils are severely limited on the high field side of the torus, the last closed flux
surface cannot be constrained as well as in a standard tokamak. This becomes an issue
when trying to compensate the solenoid stray fields.

One advantage of a low-aspect-ratio tokamak, however, is its natural elongation;
that is, a spatially uniform vertical field produces a neutrally stable equilibrium with
elongation greater than unity, and with some natural triangularity as well. Such shapes
can be advantageous from an MHD point of view. In medium-A tokamaks, elongation
implies difficulties in position control, which would be alleviated in low-A tokamaks.
Natural elongation has been described as a function of A and l; (as shown in Fig. 3.3),
although more recent calculations by the Culham group indicate a more complex
functional dependency [15]. When fully non-inductive current drive is achievable,
natural elongation will be a major feature of low-aspect-ratio tokamaks (it allows more
current in the plasma for a given safety factor, without loss of vertical position stability).
In the meantime, the solenoid and poloidal-field coils do not produce a homogenous
vertical field, and the position stability and shape control of the plasma need to be studied
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on a case by case basis. Further, the plasma shapes that we are considering may be
elongated beyond that natural value, so up-down position feedback will be necessary
[11].
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FIG. 3.3. Natural elongation as a function of /; and A (from Kalmykov [15]).

3.3 MHD stability and high-beta operation

A principal goal of low-A studies is to verify that high § can be achieved, i.e.,
comparable to the Troyon limit [16],

oax (%) = By =280

AT 3.10

where B is a constant of order 3.5, 1 p is the total plasma current and a is the horizontal
minor radius. The considerations of Sec. 3.1 apply here, i.e., is there additional
dependence on aspect ratio? The first studies of high-» ballooning and Mercier stability
indicated that the scaling of Eq. (3.10) is reasonably well satisfied [7, 17-20]. The
definition B=(p) ,/2uoBrg? was typically used in these studies, rather than
B= (p)v ol / 2;10(82) G The studies of Holmes et al. [18], for example, began with
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Troyon-optimized JET configurations at A =2.5, which were then varied to A = 1.6 with
subsequent further profile optimization at g(a)=~3 and g(0)>1. It was assumed that
sawtooth oscillations benignly flatten the profile at g=1, or (tacitly) that some current
drive scenario maintained g(0)=~1.6. For reversed-shear profiles B has been shown to
reach values as high as 6 to 10 [7], with wall stabilization and extreme shaping.

A major question is whether such plasma profiles and shapes can be achieved in
practice, and what happens when the profile strays from the optimum value. The role of
bootstrap current (Sec. 3.4) is important here. Current profiles optimized for ideal MHD
stability are characterized by strong gradients near the edge. These are likely to lead to
tearing-mode activity, which will act to broaden the profile and degrade confinement,
possibly inhibiting the formation of edge transport barriers. Numerical studies also show
that ballooning instabilities play a more important role in determining the beta limits than
in conventional tokamaks, where the kink mode is usually dominant. This, combined
with the absence of hard disruptions in START, suggests that the B limit is “soft,”
leading to natural optimization of the pressure profile.

From the MHD point of view, some of the most interesting problems posed by a
low-aspect-ratio tokamak are:

1) Strong toroidal coupling plus NBI makes this machine (Phase II) well
suited for studying the stabilizing effect of rotation on low-»n modes and the wall
mode. This problem is relevant both to fusion in general and to advanced
operating scenarios in particular. Note that the stabilizing effect of plasma
rotation arises from the perpendicular component of the velocity shear. For high
aspect-ratio plasmas rotating toroidally, the perpendicular component of the
velocity shear is weak since the magnetic field lines have a weak pitch. In a low-
aspect-ratio device, by contrast, the pitch of the magnetic field is of order unity on
the outboard side, precisely where the curvature is unfavorable, so that the
stabilizing effect of rotation will be enhanced at low aspect ratio.

2) A significant question that must be addressed experimentally is the role
of “infernal” modes, which are predicted to be important in the presence of a large
region with weak magnetic shear [18]. In this respect it should be noted that
toroidal rotation has been shown to have a stabilizing effect in equilibria where
the magnetic shear is weak.
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3) There is a possible effect of I; on By. If wall stabilization is effective,
low [; is preferable, as the broad current profile “leans” against the wall, If wall
stabilization is not effective, then narrow current profiles or high l; is favored.
Current drive, together with neoclassical resistivity and bootstrap current should
allow exploration of different current profiles at high 8. In general, access to the
highest 8y requires optimum g profiles [18]. As discussed earlier, it is essential
to know whether such profiles, which imply hollow current distributions, can be
obtained in practice. Also, MHD stability depends not only on the j profile, but
on the pressure profile as well. Neutral beams, pellets, gas puffing, etc., can be
used as knobs to modify both profiles, possibly in orthogonal ways.

4) Is the disruption-free operation of START characteristic of low-A
tokamaks (because of the large 4/qcy > for example)? What are the internal
reconnection events, from which the plasma is able to recover? Would a close-
fitting shell prevent recovery because of an increase in major radius during a
disruptive event? Can a shell on the inboard side be effective to stabilize the
kink?

We expect to explore these and other questions both analytically and numerically.
USTX will be flexible enough to explore a wide range of plasma shapes and current
profiles. We have already investigated the stability of some proposed equilibria
(Sec. 5.8) using the MHD stability code of Glasser [21], which generalizes the criterion
of Newcomb, and with the time-dependent nonlinear code of Aydemir [22]. Stability is
found to be extremely sensitive to the shape and profile parameters. Charlton ef al, [20]
are also carrying out MHD stability studies.

The role of the g=1 surface in determining the Troyon limit is currently a focus of
interest within the framework of the MHD initiative. Low-aspect-ratio tokamaks provide
useful information on the role of the internal kink mode in setting the beta limit. The
uniqueness of the n = 1 kink mode is a high aspect-ratio phenomenon; it arises as the
result of the marginal stability of this mode in the large- A limit. Numerical studies of
n =1 stability performed at the Institute for Fusion Studies (IFS) show that this mode
becomes more stable as the aspect ratio is decreased [23]. First, ideal marginal stability is
increased with respect to the well-known Bussac threshold [24]. Second, the resistive
growth rate is found to decrease continuously as a function of aspect ratio, vanishing
asymptotically towards A=1. For experimentally expected values of the resistivity, the
resistive growth rate is expected to be very weak for USTX. The results also show that
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elongation has an unfavorable effect on the kink growth rates, leading to significant
growth rates for x> 1.6.

3.4 Neoclassical effects

The neoclassical transport coefficients in the limit A — 1 need to be computed for
all ion collision frequencies v; ranging from the banana regime in the core plasma to the
Pfirsch-Schliiter regime at the edge. This has, of course, been done for high A, and the
analytic transport coefficients are well known [25, 26]. They are also known in the
banana regime for A — 1 [27] and have been verified by numerical calculations [28]
(using the bounce-averaged Fokker-Planck code of Karney [29]). (See also Crume et al..
[30].) For low collisionality, the numerical coefficients do not vary dramatically with
aspect ratio. For example, one of the dimensionless coefficients in the bootstrap-current
formula (Fig. 1 of Hirshman [27]) may be modeled by Lj; =+e(2.5~ &), which varies
by about 50% over the range £ =0.2—1o0r A=1-5, as shown in Fig. 3.4.

Hirshman Bootstrap Coefficient
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FIG. 3.4. Dependence of bootstrap current on inverse aspect ratio.

For the Pfirsch-Schliiter limiting values, however, previous expressions for A—>1
are incomplete and may be misleading. Recent research by Shaing et al. [31] finds that in
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the collisional regime there may be a large stress contribution arising from the singular A-
dependence of the quantity ((n . VB)2> ~(1-8)32 a5 e 1, even though the viscosity
coefficient is decreasing as v,-‘l. Thus, the strong collisionality variation of the
bootstrap-current transport coefficients and the ion thermal conductivity may diminish at
low A, implying experimentally an increase in the bootstrap current as A — 1 over the
entire range of collisionality. This result follows from the assumption that a constant
q(a) is maintained as A is varied. Careful calculations are needed to determine how
strong this effect will be in real equilibria for the aspect ratios of USTX. This will
become important in the high- B regime, where the bootstrap current becomes significant.

In the banana regime, the neoclassical conductivity is reduced toward zero in the
A —1 limit as the fraction of circulating particles fc vanishes. This effect has been
computed analytically and confirmed numerically [28]. Again, as the lower temperature,
higher collisionality edge is encountered, conventional extrapolations [32] fail accurately
to reproduce the physical effect noted above, namely, that the viscous stress remains high
as A—1 even in the collisional regime. This effect tends to reduce the neoclassical
conductivity to zero (relative to the classical value) as A — 1, even though there are
technically no trapped particles in the short mean free path regime! This also means that
the neutral-beam and RF-driven currents may be reduced by the strong viscous effect.

Experimentally, an increased bootstrap current should manifest itself as a
significant reduction (at fixed 8 p) in the ohmic current required over the entire range of
collisionality. This may not, however, imply a reduction in the volt-seconds required to
run the tokamak in steady state (a large bootstrap fraction), since a calculation is needed
to account for the offsetting effects of increased plasma resistance and decreased external
and mutual inductance as A —1 [33]. We have implemented a simple model of these
effects in a 1-D transport code.

ORNL researchers have constructed an analytical expression for the viscosity
coefficients valid in arbitrary collision-frequency regimes and for all aspect ratios [34,
35]. This expression is being compared with the DKES code [36] to verify the
asymptotic limits. Once the viscosity is known, all the transport coefficients (bootstrap,
resistivity, conductivity) can be obtained by the moment approach. The advantage of this
approach is that only a single analytical formula needs to be constructed instead of one
formula for each coefficient as was done by Hinton and Hazeltine [25]. We will compute
the transport coefficients for real equilibria to test Shaing’s proposition [31].
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3.5 Turbulence and transport

Empirical confinement and L-H mode considerations

We have obtained initial estimates of the confinement of USTX by means of zero-
dimensional studies and by simulations with the SUPERCODE [37], using a variety of
conventional scaling relations [38-41]. One of our goals is to cover the parameter space
sufficiently to distinguish among the scaling relations. We have also performed a similar
study in terms of dimensionless parameters, which shows that USTX can cover the
reactor-like range in all variables except p.+ =v,; /@ a [42]. The results are discussed
in Sec. 4.3.

We have already noted that these studies are highly uncertain, owing to the lack of
empirical studies at low aspect ratio. As a simple example, consider the customary ohmic
scaling known as neo-Alcator [43] and its subsequent variations. The q-dependence may
scale as g2, where a <1, but is not well known [39]. It was not included at all in the
original studies. Now, START confinement seems to greatly exceed neo-Alcator
confinement if we assume it varies as qcy1 but not if we assume it varies as g, illustrating
the need for extensive experimental studies. (We use this example for illustration only.
Recent results on Alcator C-Mod suggest that this is not the right way to characterize
ohmic confinement [44, 45].)

Another example is the power threshold for H-mode transitions. According to
studies by Ryter et al. [46, 47] one expression for this is

Pigresn (MW)/S(m?) = 0.047, (m™)Bro (T), (3.11)

where S is the plasma surface area. This result, which is highly favorable for H mode in
USTX, has not been extended to low aspect ratio, but other forms of the scaling relation
give even more favorable major-radius scaling [46]. The threshold also depends on other
factors, which have not all been quantified [46]: magnetic drift (about a factor of two for
the unfavorable direction), limiter proximity, neutral beam angle (perpendicular is
favorable in PBX), and, perhaps most important, edge temperature, which must be
sufficiently high prior to the transition.

Equation (3.11) suggests that USTX should always be in H mode. We are using
an H-factor of 1.6 in most of our confinement scaling studies, based on expectations for
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H° - D* beam injection in Phase II, or on scaled START studies in the ohmic Phase L
In ASDEX, an H-factor of 2 was found for D® — D* and 80% of this value for other
beam-target combinations [47]. This is consistent with an overall mass scaling as
A;%? t0 A;%* obtained from the ITER H-mode database, depending on the machine and
whether the H mode is ELMy or ELM-free [48]. With this assumed scaling we infer
(Sec. 4.3) that we can cover the desired range of plasma conditions, including the B limit,
without deuterium injection, although we also intend to perform a limited number of
experiments using deuterium injection.

A third example of a scaling uncertainty is the density limit, given by either the
Greenwald [49] or the Hugill [50] expression,

Mez0 <1,(MA)/na?, (3.12)
and

7ig20 <2B7o(T)/Roq., (3.13)

respectively, where 7, is the chord-averaged density in 1020 m-3. This is an important
issue because the maximum achievable B, with a given neutral beam power, can be a
fairly sensitive function of the density limit [51]. If the expression for g rather than eyl
is used in the Hugill expression, then the Greenwald and Hugill limits are found to differ
by a factor involving only x and & with the Greenwald limit the more optimistic of the
two for x>1.23 by a factor of approximately 0.4(1+ K2 ) The physics basis for the
density limit is generally understood to be an edge density and radiation limit [51].

A recent study of the density limit on DIII-D demonstrates that the Hugill limit
does not adequately represent the DIII-D data [52]. In particular, the unfavorable scaling
of the Hugill limit with 1 was not observed when x was varied at constant q9s5. On the
other hand, the Greenwald limit when multiplied by 0.80 accurately predicts the density
limit for all conditions in DIII-D as long as Zo <2. We have used this value as an
upper bound for most of our scaling studies. It remains to be demonstrated whether the
more favorable x scaling of the Greenwald limit holds at low aspect ratio.

We have begun to complement the SUPERCODE and zero-dimensional studies by
employing a new one-dimensional transport code [53], taking into account ellipticity,
triangularity, finite aspect ratio, and neoclassical effects, using the simple geometry
described in Sec. 3.1. This will allow us, prior to the operation of the device, to explore
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scenarios of the plasma evolution and profiles, including current ramping and penetration,
bootstrap current, ad hoc current drive, various transport models [54-56], and later a
sawtooth model. Initially, we have carried out current ramping studies to assist with the
engineering design, Chap. 6. Eventually, we will employ a full two-dimensional fluid
code, coupled to the equilibrium, making use of advanced computational methods [14,

57].

Power-balance data will provide points in a new region of parameter space. We
have begun a study to see whether the range of parameters available in USTX will be
sufficient to distinguish among the various global scaling relations, taking into account
typical experimental errors. The initial results (Sec. 4.3) show that we should be able to
distinguish those of different “families.” (L-mode scalings that are generically of the
Goldston [38] or ITER-89P [40] type are likely to remain indistinguishable from one
another.) Most of these studies will require the NBI of Phase II. Even in the ohmic
Phase I, however, we may be able to distinguish 7 Pha qc'yl1 from g in some of the
confinement dependences, as discussed earlier. Since both the aspect ratio and current
can be varied, a wide range of ¢ will be accessible. Furthermore, by current ramping, a
range of current profiles can be explored. As proposed theoretical explanations develop,
these distinctions become as important here as in the MHD studies,

Turbulence and anomalous transport

We now turn to the topics which have been historically of greatest interest to the
TEXT, FRC Theory, and IFS groups. From the physics point of view, the questions are
not only how well a proposed machine will perform, but what we can learn about
confinement scaling and basic transport mechanisms from the experiments.

All of the effects mentioned in Sec. 3.1 play a role in the investigation of
turbulence and transport: the fraction of trapped particles, bounce-averaged drifts,
collisionality, and degree of mode ballooning. All theoretical calculations need to be
looked at carefully, and most likely redone, to take these into account. Some numerical
codes in current use already contain the full (axisymmetric) geometry. For example, the
work reported for low A by Rewoldt and Tang [58, 59] employs a linear eigenvalue code
with quasilinear transport estimates in the ballooning representation. (See also Rewoldt,
Tang, and Hastie [60] and references therein.) All the relevant geometrical and trapped
particle effects are included, as well as an accurate model collision operator.
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In work performed at the IFS (with PPPL), a quasilinear initial-value ballooning
code by Kotschenreuther also now contains all the relevant geometry and a Fokker-
Planck collision operator, and a full 3-D nonlinear code by Dorland et al. is being
modified to include all these effects [61-66]. This work has so far focused on the ion-
temperature-gradient (ITG) mode regime, with considerable success in describing TFTR
experimental data. Attention is now being directed at the plasma edge region, and full
non-adiabatic electron effects are being incorporated, so that trapped-electron modes can
be included.

One might expect that the increased fraction of trapped particles at large- € would
lead to greater instability. Simple trapped-particle-mode theory [67] suggests that modes
can always balloon to the bad curvature regions and g0 unstable. Initial results from
Rewoldt [58, 59], however, for trapped-electron modes indicate greater stability in the
low-aspect-ratio limit. The reason for this is that more of the trapped-particle orbit is in
the good curvature region, providing stabilizing resonances between the bounce-averaged
drifts and the waves. Ion Landau damping prevents the modes from ballooning too
strongly to the outside, because the implied larger k) brings the ion resonant velocity into
the thermal range.

Another important aspect of low frequency turbulence at high B is the necessity
to include all components of the magnetic fluctuations. The usual drift-Alfvén ordering,
as employed, e.g., in the IFS work described above, retains the electrostatic and parallel
vector potentials, ¢ and Ay, and neglects the perpendicular vector potential, i.e., the
parallel or compressional magnetic fields. This ordering is likely to break down at the S
values of 30-40% envisioned in spherical tokamak experiments. Coupling to the
compressional modes will have to be computed, which is no trivial undertaking.

Finally, just as in MHD theory, transport theory places shear in the mass
flow, u, as a primary control parameter, on equal footing with the magnetic shear. New
understanding of basic plasma physics for transport will occur when the parallel mass
flow, u;, and the ion thermal flow, g, are documented by spectroscopic and probe
measurements. Just as these flows determine the momentum viscosity (B-V-TI) and the
thermal viscosity (B-V°®) that determine the bootstrap current and poloidal flow
damping, they also determine the nature of the fluctuation-induced transport and the L- to
H-mode threshold (by shear-suppression of the turbulence). These features also
indirectly affect the degree to which there is a macroscopic component to the correlation
length I, =p;(Ly /ps)* with @>0. Power balance studies, nonlocal phenomena (as
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observed on TEXT in cold pulse studies), and p* scaling all suggest that & = 1/2 (Bohm)
is a feature of correlation length. These scaling issues were the focus of the turbulence
studies at the 1995 Santa Barbara ITP Program [68] and could be a part of the USTX
studies. Mass and thermal flows distort the ion distribution with two components,
fi =F1 +&, where F; contains the Pfirsch-Schliiter flows that are driven by the
divergence of the compression in the flows, and 81 is the incompressible part of the
global flow components. Each of the components (F;,g; ) has two surface functions
associated with it connected to the mass flow and the thermal flow. Thus,
uy =V1(y)/B+K;(y)B, which has the same as the form as the current density. The
strong compression and large poloidal asymmetries in a spherical tokamak offer a unique
opportunity for measurement.

Much work remains to be done, with great opportunities for analytical as well as
numerical work. Analytical calculations can help to identify the most unstable modes by
showing how changes in the drifts, collisionality, and degree of mode ballooning affect
stability. The IFS numerical initial-value code [61], mentioned above, finds the most
unstable mode automatically, but even with this very fast code, only a limited number of
cases can be run. Collisionality is crucial: the scaling of the ion temperature-gradient
(ITG) mode equations indicates that collisional ITG modes should be increasingly stable,
while the presence of more trapped particles in the collisionless regime could still be
dangerous [69]. Of course, the weighting of quantities over the flux surface is crucial.
As noted earlier, adaptation of transport codes to low-A studies is important to determine
the evolution of the plasma profiles for comparison with power balance analysis and
MHD stability. The IFS model [61-66] will also be used in a transport code coupled to a
computed equilibrium. The H-mode theories developed for high-aspect-ratio tokamaks
also need to be extended to include finite-aspect-ratio effects. The results will be useful
not only for USTX, but also for validating transport scenarios in other machines,
including ITER.

The modes discussed above employ the standard ballooning formulation. A
systematic investigation of the 2-D structure of modes in an axisymmetric torus,
however, reveals other interesting possibilities [70, 71]. Recently, a new structure
(Ballooning Mode IT) has been found which, in the resistive limit, displays up-down
asymmetry in the poloidal plane [71] in contrast to the usual modes centered about
0=0 (or ). These interesting 2-D structures can occur at a variety of radii and should
manifest themselves with observable signatures in a low-A torus. Testing of the
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mathematical theories of 2-D modes could be an important component of the physics
program on USTX.

A recent result of Isichenko et al. [72-74] illustrates how low aspect ratio can
enhance our attempts at experimental verification. These authors’ theory of the
anomalous particle pinch implies that n,(r)g(r)= const at high aspect ratio. This
is approximately borne out by TEXT data. More generally, however,
ne(W)V’(y)= const, where V’(y) is the derivative of the volume enclosed by the
poloidal flux . At small &, these two expressions become indistinguishable, but as
€ — 1 differences will be observable. The original work [72] dealt with trapped-particle
transport in the collisionless regime, while more recent studies have turned to the effects
of passing particles and high collisionality [73, 74].

Experimentally, a low-aspect-ratio machine provides opportunities to extend
fluctuation studies, like those performed on TEXT and TEXT-U, to help verify or refute
the concepts discussed above. Together with power-balance scaling studies, systematic
investigation of the fluctuations should shed further light on transport theories. The low-
aspect-ratio device is ideal for such studies. Because of the small magnetic field and
relatively large minor radius, if gyro-Bohm-like drift waves (including ITG modes) are
present, we might expect k; ~p,~1 ~ Bro to be small, and the fluctuation level
fifn~1/k), L, ~ps /L, to be moderately large. Comparing to TEXT, we expect
ky =0.5-1.0cm™! and 7i/n~3—-4% in the interior of USTX. Thus, the HIBP and
BES will be able to measure the fluctuations easily and to access the greater portion of
the spectrum, making comparison with FIR scattering easier (see chapter 8). The effects
of the radial electric field and its gradient would also have to be explored. We also intend
to employ Langmuir probes in the far edge and scrape-off layer (SOL). Here, the effects
of low aspect ratio on the SOL-width scaling and correlation properties can be studied.
The effect of the geometry on parallel correlation and field-line identification should be
particularly interesting. Besides current ramping, other perturbative experiments will also
help elucidate fluctuation and transport behavior. We will devote some attention to
determining which ones are feasible in a low-aspect-ratio configuration.

In view of the strong in-out asymmetries expected, we desire (or need) a full
complement of profile diagnostics, covering the plasma cross section. Access should be
sought to as much of the plasma as possible for each diagnostic, e.g., HIBP, BES, and
FIR scattering (see chapter 8). Poloidal-field or pitch-angle measurements will be
particularly important to give us a direct determination of the current or q profile.
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3.6 Heating and current drive

The small inner ohmic solenoid of a low-aspect-ratio tokamak implies that one
cannot depend on the ohmic current and heating alone. Auxiliary current drive is an
outstanding problem for most tokamak reactor scenarios, but it may be the single most
critical element in realizing the reactor potential of the low-A tokamak. First, the limited
available space for coil placement and the limits on available volt-seconds make
inductive ramp-up and long flat-top times difficult. Second, controlled auxiliary drive
will probably be required to get to the desired g-profiles for MHD stability and large
bootstrap fraction, as well as to maintain those desired profiles.

Low-aspect-ratio current-drive investigations are exploratory and should first be
conducted in a modest device like USTX. We will provide a flexible target facility for
such tests, with a toroidal-field time exceeding the inductive-current time. There is an
extraordinary opportunity for development of new theoretical descriptions and physics
understanding in the geometry depicted in Figs. 3.1. Again, because of the breakdown of
small- £ expansions, we cannot be sure a priori how wave propagation and particle
acceleration will scale to low A. Also, in light of neoclassical considerations (Sec. 3.4),
we will need to revisit the driven currents in all collisionality regimes.

Current drive by tangential neutral-beam injection may turn out to be the principal
non-mductlve method. In Phase II, we intend to explore current-profile control through
neutral-beam current drive (NBCD) to determine whether net profiles can match those
required to reach the high-fand the low-g regimes. ECH-assisted breakdown and
current ramp has been shown to be promising by results from START [75] and CDX-U
[76-78], and will be implemented on USTX. Computationally, we have begun to
simulate the current ramp with a transport code including a model of the ECH heating
and initial current distribution. Coaxial helicity injection (CHI), based on results from the
Helicity Injected Tokamak (HIT) [79], is also being considered. Since HIT operates
essentially in a spherical tokamak configuration, the main physics questions are the
scaling with size and plasma parameters. We shall postpone further discussion of the
above methods to chapter 7.

Finally, we will provide a test bed for Alfvén-wave and fast-wave current drive
(AWCD and FWCD) on USTX — for example, in a collaborative program proposed by
the University of Wisconsin (Sec. 7.4). We devote the rest of this chapter to Alfvén
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waves, as another example of both the physics opportunities and the difficulties afforded
by low-A studies.

Alfvén-wave and fast-wave current drive

AWCD has been demonstrated on the Phaedrus-T tokamak [80, 81], and further
experiments and testing of innovative antenna arrays are planned for the next two years.
We intend to explore a range of scenarios from @ < @i min 10 O > @ oy, With the
possibility of going to @ >> @,; in the later experimental phases.

Alfvén wave theory

Alfvén-wave calculations are often done in terms of nearest neighbor poloidal-
harmonic coupling. For higher frequencies, an eikonal or ray-tracing method is often
used. We have experience, for example, in the kinetic description of Alfvén-wave
propagation, absorption, and current drive [82-90] and have identified some of the effects
experimentally [91, 92]. These studies, however, suffer from the same difficulties as
those of micro-instabilities and must be redone for the low-A case.

For Alfvén waves in a cylinder the important resonance (resolved by kinetic
effects) is

2 _ (kava)®
14+ (k V4 /@)

(3.14)

where @ <a,; is the driven frequency, V4 = B/ W is the Alfvén velocity,
ky=(n—m/q)/R, and n/m are the toroidal/poloidal mode numbers. Energy
absorption and current drive occur through electron Landau damping of kinetic Alfvén
waves generated near the surfaces defined by Eq. (3.14). At small-¢ in circular plasmas,
we may restrict ourselves to coupling neighboring values of m to m + 1. Introduction of
elongation couples m to m + 2. In the low-A torus, on the other hand, the Alfvén velocity
varies by a factor of four or five over the plasma cross section. All harmonics are
coupled, and we must treat ky — d/ds as an operator, following the wave propagation in
the direction s along the field line. In the MHD limit, the existence of Alfvén resonances
coincident with flux surfaces has been proved [93]. If, however, an effective potential
well forms for the wave, standing modes might result, inhibiting traveling-wave
propagation and current drive [94]. At finite values of o/®,; , the existence of resonant
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surfaces is itself then brought into question [95, 96]. New theoretical and numerical
methods need to be developed before we can be certain how the energy deposition and
current drive will be distributed radially. This problem is very difficult, because the
parallel wave number appears in the argument of the electron plasma dispersion function
Z(@/|ky|v, ). Full-wave calculations with kinetic effects have not yet fully taken into
account the toroidicity [97-99]. The presence of trapped electrons may also inhibit
current generation, although there is reason to believe this may not be a problem [100].

TAE mode investigations

It is known that anomalous loss of suprathermal particles can be caused by their
resonant interaction with shear Alfvén modes or with low-frequency MHD waves (e.g.,
kinks, sawteeth, etc.). This is of particular relevance to fusion reactors containing alpha
particles, but is also important for non-ignited plasmas with high-power auxiliary heating
(NBI, ICRH) that can create fast ion tails. As an example, consider the toroidicity-
induced shear Alfvén eigenmode (TAE) that has been predicted and observed in usual
tokamaks and also in helical devices. In a spherical tokamak, since the inverse aspect
ratio is larger than the value of the magnetic shear out to a larger radius, the low-shear
version of the TAE modes (the so-called “core localized modes” [101]) have, in fact,
recently been found to have an enlarged spectrum, with a multiplicity of modes present
[102]. Due to their broadened radial width, these multiple core-localized TAE modes are
expected to be robustly unstable. Thus a spherical tokamak like USTX would be a
convenient “laboratory” for investigating the threshold characteristics and nonlinear
behavior of the TAE modes. Either neutral beams or externally antenna excitation could
be used to drive these modes in the experiment. Since the trapped particle fraction is
large at low aspect ratio, the destabilizing wave-particle interaction would presumably
occur at the fast particle bounce frequency (for shear Alfvén modes) or the precessional
frequency (for lower frequency MHD modes). Theory collaborators at JET (H. Holties
and S. Sharapov) have recently run calculations with their 2-D linear stability code,
CASTOR, and found that multiple TAE modes may be expected in USTX. Means of
exciting these modes and their damping mechanisms will be examined theoretically to
determine whether such experiments are feasible in Phase .
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Fast-wave current drive

Another possibility for current drive is that by fast waves below @,
(compressional Alfvén waves), which has been investigated for wave numbers with weak
Alfvén resonance absorption [88]. At low aspect ratio, however, any antenna will
generate a broad spectrum of poloidal harmonics and modes related to both branches of
the dispersion relation. Therefore, it is not generally possible to completely separate
AWCD and FWCD effects. Energy deposition in the plasma periphery may dominate,
owing to the presence of “side-band” harmonics, as observed in MHD calculations at
Lausanne [96, 98, 103-105]. Studies with their code LION [105] are being initiated at the
University of Wisconsin. Frequencies in the range @ 2 @; n,, appear to yield good
electron absorption for FWCD.

Fast-wave current drive in the intermediate range of frequencies,
@i << O << @y, where @)y is the lower hybrid frequency, is also under investigation
[106]. Successful heating and current drive have been detected in this range in DIII-D
[107-109], where one avoids complications with low-order cyclotron harmonics. In
considering these fast magnetosonic waves in USTX, we note that the ion cyclotron
frequency, f.;, at Byg =0.5T and A =1.43, varies from 3.5 to 13 MHz (including the
poloidal field) over the deuterium plasma cross section. We are considering frequencies
up to 13 MHz with possible extensions to 40 MHz. The DIII-D results have been
simulated by the ORNL PICES code [97], but again we expect large changes in the
propagation and absorption properties of the waves owing to the strong toroidal coupling.

The future: high beta and small aspect ratio plasmas in
astrophysics

High beta plasmas are common in astrophysics. Among other things, a
distinguishing aspect of these plasmas is the strong coupling between the Alfvén and the
sound waves. It is also not uncommon to find toroidally confined plasmas in the stellar
coronas. The solar coronal loops (some with long lifetimes) are a subject of great interest
and may possibly hold the key to understanding the coronal heating mechanisms which
lead to temperatures of the order of a few hundred eV. Many of the more stable coronal
loops are parts of low aspect-ratio tori with their 'feet' located on the solar surface. The
formation, maintenance, stability, and density and temperature profiles of these loops,
and the processes that heat the plasma in their interiors, are still far from understood. A
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laboratory experiment which can closely simulate these natural plasmas can be of great
help in solving a number of observational puzzles. It should be possible, by doing
controlled experiments in a low aspect-ratio torus, to test some of the contending
theoretical models proposed to explain the richness of the phenomena observed in the
solar atmosphere. In particular, an investigation of the propagation characteristics of the
collective modes, their ability to drive currents in, and to heat the ambient plasma could

be very significant.

In summary, we emphasize once more that it is crucial to institute a research
program on a relatively modest device such as USTX, together with supporting
theoretical work, before we commit to dependence on these methods on the reactor scale.
An enormous amount of interesting physics remains to be investigated.
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CHAPTER 4

PHYSICS DESIGN CONSIDERATIONS:
CONFINEMENT

In this chapter we address the physics-related issues in the design process. The philosophy
has been to design the smallest, least expensive machine which can address the issues
expounded in chapters 1 through 3. The scheme for achieving that goal is described in
Sec. 4.1. In Sec. 4.2, generalized formulae are discussed for identifying the smallest
device capable of achieving the relevant physics goals, and in Sec. 4.3, more exact
calculations and performance estimates are described. Note that we are designing a
machine suitable for NBI although phase I is Ohmic only.

4.1 Design strategy and logic

Summary of the design process

The scheme followed in designing USTX is outlined in this section and illustrated
in Fig. 4.1. Following this procedure has led us to the design presented in later sections:

1. Identify and refine physics relevant to low A, including plasma shape and
stability, maximum current-ramp rate, beta limits, density limits, neutral-beam
absorption and fast particle orbits, current drive, profile control, etc.

2. Identify and refine engineering constraints, including solenoid volt-seconds for
a given size core (considering material strength and thermal characteristics), power
supplies, toroidal field for a given toroidal-field post size, heat flux limitations on
plasma facing components, and forces on the vessel, center core, and toroidal-field
return legs during normal operation and disruptions.

3. Research the present state of experimental data and theoretical understanding
pertinent to developing a low-A fusion reactor. Identify present accomplishments
and unknowns in terms of key physics and engineering parameters.
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FIG. 4.1. Flowchart of the USTX design process
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4. Identify what constitutes a significant but achievable improvement in key
physics parameters. Identify the experiments necessary to improve estimates of
low-A reactor performance and to allow an informed design of a next-step (2 - 5
MA, or neutron source) device such as those tentatively proposed by ORNL and
General Atomics. Consider other contributions USTX could make to the national
fusion program including development of current-drive techniques, heat flux
handling, disruption avoidance, and advances in basic plasma physics.

5. Model physics and engineering constraints and uncertainties as realistically as
possible.

6. Choose test-device parameters: Ry, A, BT, Ip, Payx, ne, and their ranges of
variation.

7. Simulate device to estimate performance, flexibility, sensitivity to assumptions
regarding transport and profiles, and the probability of reaching the designated
goals.

8. Estimate overall performance, size, and cost of the device.
9. Adjust device parameters and iterate to reach optimum performance and cost.

10. Perform a conceptual-device design to refine engineering constraints and
requirements.

11. Having completed sufficient iterations on the preceding steps to reach closure,
refine the conceptual design to a point sufficient to establish a defensible cost
estimate.

12. Evaluate the impact of site considerations and make minor adjustments if
necessary, but carefully note any compromises dictated by site limitations.

4.2 Smallest credible machine size

Here we consider the smallest machine with which we can investigate the
equilibrium, stability and confinement properties of a tokamak dominated by the physics at
low aspect ratio. From the ignition scenarios described in chapter 2, we understand that
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important aspect ratios to investigate are A = 1.4 (the delineating aspect ratio between
peaked and hollow current profiles at a g = 3.2) and A = 1.25 (the aspect ratio where
neutron wall loading is reduced to a level comparable to that at normal aspect ratio).
Therefore, we find the smallest machine which, by replacing the inner vessel cylinder and
ohmic-heating core only, will allow operation at both A =~ 1.4 and A ~ 1.25, and in which:

1) The confinement properties are dominated by the physics at low aspect ratio.
2) Bn =3 -5 can be obtained.
3) Neutral beams can ultimately be used for heating or current drive.

We have designed a machine (USTX-0) to accommodate a plasma with an aspect
ratio AQY = 1.43 and Ro=0.7 m. The outer major-radial vessel wall is well separated from
the nominal plasma surface to allow scaling studies, to allow space for current-drive
antennas, and to allow an ultimate A® = 1,25 capability (USTX-2) which necessitates a
larger plasma. This displaced wall also permits operation (called USTX-1) down to AV >
1.33 with the same solenoid used for USTX-0. The inner vessel wall and ohmic solenojd
will be replaced to allow operation at A® > 1.25 (but with reduced inductive Ip). 1t
remains to determine the major radii Rp‘? and Ro®. In general larger Ry is better for
confinement studies, while smaller Ry is better for beta limit studies, as long as beam
absorption is adequate. These studies must be performed under relevant plasma
conditions, i.e., in the correct dimensionless parameter space [1]. This is addressed later.

Confinement properties

Consider a low-aspect-ratio plasma with aspect ratio A, major radius Rg, and
horizontal minor radius (i.e., at the equator) r=gq at the plasma edge. Near the center of
the plasma, i.e., r=0, the local aspect ratio becomes arbitrarily large. At some radius
r1=Rq / A,, where A,=3.5 is a ‘normal’ aspect ratio, the local aspect ratio is equal to
that at the edge of a normal aspect ratio plasma. We now divide the low-A plasma into
three regions in the normalized minor radius p = r/Rq . These are shown in Fig. 4.2, and
described below.
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FIG. 4.2. The three plasma regions considered.

0<p<pi=ri/a=A/ Ap is the high-aspect-ratio region with

Region 2: p;<p< P2 =1-Apq/a where Aryg=~0.1m (from low density
TEXT data) is the distance into the plasma where the dominant energy loss mechanism is
not thermal conduction, but radiation, charge exchange, and convection. Therefore, region
2 delimits that part of the plasma with low aspect ratio, which is dominated by thermal

conduction.

Region 3: p; <p < 1 is that part of the

attributable to thermal conduction.

We also impose the following constraints:

1. To readily observe equilibrium
characteristics which can be attribute
uncontaminated by atomic processes,

should be in region 2.

plasma in which energy losses are not

-parameter gradients and turbulence
d to low aspect ratio, and which are
approximately a third of the minor radius
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2. To readily diagnose (for example with a diamagnetic loop) global confinement
properties and changes which can be attributed to low aspect ratio, and which are
uncontaminated by atomic processes, approximately half of the stored energy
should be in region 2. An energy density profile of the form W = Wo (1 -p? )a is
assumed, with o= 0 (flat) or v =3 (peaked). Then, the fraction of stored energy

in region 2 is,
1-4,,4A/R
J O(I‘Pz)anP
A/A, 1
Ry = 1 : ZE
fl1-9*)"pap
0

3. To readily observe and interpret test-particle transit times in terms of diffusivities
which can be attributed to low aspect ratio, and which are uncontaminated by
atomic processes, approximately a third of the minor radius squared should be in
region 2. This is equivalent to criterion 2 with az=0

The most restrictive of criteria 1 through 3 are shown as contours in Ro-A space in
Fig. 4.3. For low aspect ratio, the criterion 2 with ¢ = 0 is limiting, while for higher
aspect ratio, the limit is determined by o = 3. The break point in each of the three solid
lines is the point where the limiting value of o changes from 0 to 3. For a machine with
A® =14 to be dominated by low-aspect-ratio energy confinement, it must have
Ro@207 m, while for A®) = 1.25 it must have Ry® 20.6 m. The superscripts refer to
three variations of USTX (described in the previous sub-section) based on the final
conclusions of this section. Also shown are representative points for some past and
present devices, and GLOBUS (currently under construction). Note that none of the past
or present machines shown (START [2, 3], MEDUSA [4], TS-3 [5], CDX-U [6], HIT
[7], FBX II [8]) meets the criteria, though FBX-II comes closest.
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FIG. 4.3. Confinement properties of machines past, present, and under construction. The
solid lines marked Ry = 0.5, 0.3 and 0.1 are the contours for which a machine will have
50%, 30%, and 10% of its energy in the low-aspect-ratio regime.

The broken lines in Fig. 4.3 depict the relationship between aspect ratio and major
radius in USTX. They are obtained by moving the plasma within the vessel, and assuming
that the vessel geometry restricts the aspect ratio. The outside wall remains fixed, USTX-
0 and USTX-1 have the same inner wall, while USTX-2 has a different inner wall. The
dark shaded area illustrates the available space (using movable limiters) which can be
accessed in the first vacuum vessel, while the light shaded area indicates the additional area
which can be accessed in USTX-2 by replacing the inner vessel cylinder of USTX-1.

From this analysis we conclude that it is necessary that Rgp=>0.6 m for A =1.25,
and Rp20.7 m for A = 1.25 if low-A physics is to dominate energy confinement times.
We next consider what device size is required for a low-aspect-ratio tokamak to reach
reactor-relevant values of S.
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Troyon coefficient

The device should be able to test beta limits [9] and to exceed the values produced
by normal-aspect-ratio tokamaks, i.e., to achieve

_ {BX(%) By (T)a(m) _2uo(p)
By = 1 (MA) 2 3, where (B) = Brg?

Detailed calculations of expected plasma parameters are presented in Sec. 4.3; here we
simply wish to derive trends to allow us to estimate the range of major radii to consider.
To estimate the values of B which can be achieved as a function of the point-design values
of Rg and A we have

1) derived an analytic fit to numerical predictions (described in Secs. 5.1 and 6.2)
for the maximum plasma current achievable from a given ohmic solenoid in terms
of Rg and A. Both conductor mechanical and thermal constraints were taken into
account. For a given A, reducing Ry allows less room for the ohmic solenoid, and
thus less plasma current can be driven inductively. No credit is taken for volt-
seconds produced by the other poloidal-field coils. The analytical result is accurate
to within 10% only within the approximate limits 1.25 < A < 1.6, and
0.4m <Rp<0.8m. This is sufficient for the purposes of this section
(determining approximate conditions); more accurate estimates of machine
performance are given in chapter 6.

2) assumed that the elongation varies with aspect ratio and internal inductance as
calculated for a set of decay index n = 0 equilibria (i.e., ‘naturally elongated’) [10].

3) assumed, as in chapter 2, a confinement scaling for g of the form proposed by
Goldston (Goldston L-mode) [11], namely

Tg(8)=cHI,(A)Pg (W)™ k%5 R) (m)*® a(m)%,
where for L mode ¢ = 3.7x10-5, ag = 1.75, and o, = -0.37. We take H = 1.6,
4) assumed a loop voltage of 1.5 V.

5) assumed auxiliary heating power equivalent to one neutral beam with 1.25 MW
of power absorbed by the plasma.
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6) restricted Bry to greater than 0.15 T (for beam deposition, ease of breakdown,
and magnetic island size considerations) and g > 3.2.

The results, dependent on the assumed confinement scaling (see Sec. 4.3), are
shown as contours of expected By in Ro-A space in Fig. 4.4 for an auxiliary power of 1.25
MW. Also shown is By vs. Ro in Fig. 4.5a for aspect ratio A©®) = 1.43, and in Fig. 4.5b
for aspect ratio A1) = 1.25, in both cases for chmic and auxiliary-heated discharges. The
maximum ohmic plasma current Ip is used, and the minimum toroidal field By consistent
with ¢ >3.2 or B1p > 0.15 T. For A = 1.25 the important restriction on I, comes from
By > 0.15 T; if the restriction to I, were only ¢ > 3.2, then larger values of Bw could be
obtained.

Troyon Coefficient (NBI)
1.0} y )
0.8}
0.6}
R(m)
04}
region where
02t d .
approximation
for Ip breaks down
1.0 12 14 16 1.8 20

A

FIG. 4.4. Contours of expected Troyon coefficient By for Payx = 1.25 MW, using the
maximum I, available, and the minimum B7y consistent with g>320rBmp>0.15T,
assuming Goldston L-mode scaling.
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FIG. 4.52. The Troyon factor By vs. Ro(® for USTX-0 with A() = 1.43, for ohmic
(dashed line, OH) and neutral-beam cases (solid line, NBI).
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FIG. 4.5b. The Troyon factor By vs. Ro(® for USTX-2 with A®) = 1.25, for ohmic
(dashed line, OH) and neutral-beam cases (solid line, NBI).

For A(O) = 1.43 there is a value of major radius Ry ~ 0.4 m above which q restricts
Ip and By, and below which By restricts Ip and By. Smaller machines allow access to
larger By only as long as g is limiting Ip. We conclude that with A(0) = 1.43 it is
marginally possible to access By = 3 for ohmic discharges if 0.4 m < Ry < 0.5 m, and with
1.25 MW of auxiliary heating if Ry < 0.7 m. The lower limit is not available with the
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approximations used here in the analytic expression for Ip, but it is Ry > 0.35 m (based on
a fit to I, for small Rp). With A() = 1.25 it is marginally possible to access By =3 for
ohmic discharges if Ry < 0.8 m. With 1.25 MW of auxiliary heating, the lower limit to
Ry is not available with the approximations used here (as above), but it exceeds 0.5 m.

Neutral beam accessibility

The results described above take no account of whether the proposed 40-keV
neutral beam will be absorbed in the target plasma. Restricting to Byp > 0.15 T and a
reasonable I, > 300 kA ensures that beam first-orbit losses are less than 15% for co-
injection; counter-injection first-orbit losses are much larger.

The proposed point designs (Ro(®, A(©) and Ry(2), A®)) must provide sufficient
plasma current that the density achieved, limited by the Greenwald value [12-14], is
sufficient to absorb the beam. The beam absorption depends on the integral of the density
along the beam path with length /. Calculations using a beam-penetration code indicate that
there is more than 15% shine-through, which is unacceptable, for In dl=nl <0.4x1020
m-2. Hence the minimum possible 7/ along the beam path should be approximately
0.4x1020 m-2. This also agrees with results from ISX-B neutral injection [15], which
exhibited a beam deposition (shine-through) problem for line-of-sight densities
7<2.5x101% m-3, with a path length /=~ 1.5m. Therefore we take
(A1) i = 0.4x1020 m-2, which is a much simpler, yet quite accurate criterion. In order
to compare this minimum requirement with the Greenwald limit on density we define the
parameter '

__ (#D)
11 e [na?)’

which is a function of A, Ry, and the beam tangency radius Rpeam, and describes the

minimum current we must achieve in the target plasma to ensure neutral-beam absorption
without raising the density beyond the Greenwald limit. Specifically X is the product of
the operational minimum fraction of the Greenwald density limit and the fraction of the
maximum possible plasma current (both functions of Rp and A).

An absolute upper limit on X is unity (i.e., operation at maximum current and
maximum density); we consider K = 0.5 a practical upper limit. We use Rpeam = 1.15 Ry
here to represent the upper limit of a beam displaced outward from the geometric axis, for
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example to drive current displaced from the magnetic axis. In Fig. 4.6, K is plotted as a
function of Ry for various low values of A. As A is lowered, the available inductively
driven plasma current is reduced, and the minimum vessel major radius required to achieve
a given K is increased. For A = 1.25 we find Ro 2 0.78 m to ensure K < 0.5, i.e.,
operation at half the Greenwald limit for maximum plasma current. For A = 1.43 we find
(not shown) Rg > 0.6 m to ensure K < 0.5. We note that if the chosen tangency radius is
reduced, the constraints on Ry are less severe, so Ro =0.75 m is a reasonable value for A
= 1.25.

A=135 13 125 1.2

beam tangericy major radius
at 1.15 X vegsel major radius

0.5 0.6 0.7 0.8 0.9 1.0
major radius Ry (m)

FIG. 4.6. The K factor as a function of vessel major radius Rg for various A.

Summary: choice of machine size

Table 4.1 summarizes the results, and the values of major radius Ro(®) and Ro(2)
chosen to satisfy the constraints. Having defined A(®), Ry(®), A2), and Ry(2); the outer
wall position is constrained. Note that the choice of the major radius Ro(2) in the low
aspect ratio A(2) = 1.25 case is determined by the neutral-beam absorption criterion. This
in turn depends on the plasma current which can be driven inductively, which can only be
estimated after initial experiments are performed at A = 1.43.

The final values of Ry shown have been determined by more accurate calculations
than those outlined above, but the results are in general accord with our discussion. It may
be possible to increase the plasma current above the values used here if both a) a smaller
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toroidal field proves feasible, permitting a smaller TF post and thus leaving more room for
the ohmic solenoid, and b) if the plasma internal inductance can be reduced (a necessity at
low ¢ and low A). The confinement criteria restrict Ro® to greater than 0.6 m; depending
on the confinement scaling, this may allow larger 8 and By to be obtained. Higher beam
absorption can be achieved at lower values of density if lower beam energies (re-gapping
the source) or a different beam-species mix is used. Therefore, the precise details of the
optimum low-A USTX-2 case must depend on the results from operation of USTX-0 and
USTX-1.

Table 4.1, Restrictions on machine major radius

A0 =143 A2 =125
confinement studies |Rp> 0.7 m Rp>0.6m
beta studies (ohmic) |04 m <Rp<0.5m Ro>0.8m
beta studies (beam) 035m<Ryp<07m |Ry>05m
(0.35 is over-estimate) | (over-estimate)

neutral beam Rop>0.6m Rg=20.78 m
absorption (over-estimate)
final value Ry®=07m Ry@® =0.75m

4.3 Device optimization studies, performance
estimates and flexibility

Having set the range of machine sizes, we next explore the design to optimize
machine performance and flexibility. That is, although we are designing to a specific
geometry, we must have enough flexibility to explore many plasma geometries (i.e.,
different shapes, aspect ratios) around this point.

USTX must be designed to explore a wide enough range of parameters to allow
discrimination among various scaling expressions, and make reasonably accurate
predictions for future spherical tokamaks. Since various aspects of the design are closely
interrelated, it is important to use design-prediction tools which incorporate both
engineering and physics constraints, and are modular enough to allow us to add more
information as it becomes available. It is also important to use independent tools to cross-
check the results and reduce the possibility of systematic errors. We use four independent
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zero-dimensional programs (the OPT optimization spreadsheet [16], two FORTRAN
programs S1 and S2, and a Mathematica notebook ST) which we have developed to
explore various aspects of the design. (The OPT spreadsheet is partly based on a
spreadsheet written by Nevins [17].) We have spot-checked these against the one-
dimensional model discussed in chapter 3 [18], using both a plasma-profile spreadsheet
and a time-dependent simulation code that we have developed [18, 19]. The 1-D model
takes into account low aspect ratio, shaping, and neoclassical effects.

The four zero-dimensional codes we have developed use appropriate temperature
and density profiles 7 o (1-p2)aT, and ng o< (1-p2) a,,’ and volume-averaged quantities
accounting for elongation and triangularity where applicable. They all incorporate
operational and stability limits and eleven confinement scaling relations. The latter are neo-
Alcator [20], Lackner-Gottardi [21], Rebut-Lallia-Watkins (RLW) [22, 23], Goldston and
Goldston-quadrature [11], Kaye-Goldston [24], Kaye-all [25, 26), ITER-89P [27), DIII-
D-ohmic (D-III-OH) [28], DIII-JET [29], and dissipative-trapped-electron mode (DTEM)
as given by Perkins [30, 31]. Various subsets of these are reviewed in the Refs. [25, 26,
32].

In these confinement scaling relations, except as noted, we use gcy] Where the
safety-factor dependence is explicit. For example, in the Lackner-Gottardi expression

7 = 0.12 H VAi/2 a5 RS 1 (1 + 1)4/5 1,%5 gegi2!5 (Reno / Poop)®/S

with A; the plasma effective atomic mass, qcyl is explicitly used. However, the moderate-A
experiments, from which the expression was derived, probably do not allow one to
accurately distinguish between g and qcyl. Note that where A; appears in the confinement
scaling relations, OPT accounts for dilution of the effective atomic mass by both beam
particles and cold beam gas using scaled results from ISX-B [33]. This refinement was
suggested by Stan Kaye [34].

The codes have been benchmarked against START confinement data and analysis,
and against the analysis of NSTX by the group at PPPL. The inputs include the working
gas, A, Ro, K, Ip, By, volume-averaged density {n0) (in units of 1020 m-3), Zes, H, and
Paux. They compute qey1 (including corrections for elongation and triangularity) and q
from Peng's formula [35] (essentially identical to the ITER formula [36]), and plasma
resistivity from a Spitzer-like formula scaled to START data. They self-consistently
compute, for the eleven different scaling relations, 7,(0), {Te), T5, B, B, and a number of
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other quantities. The ion temperature is approximated by a fit to both Ohmic and L-mode
data from the MFEDB database [37] for TFTR, DIII-D, and JT-60.

The OPT spreadsheet is well suited to manually explore the parameter space to
determine the effect of varying a single parameter. The programs S1 and S2 allow rapid
optimizations with constraints, comparisons among various scaling relations, and
exploration of "what-if" scenarios. The workbook ST is aimed at studying the problems in
terms of dimensionless parameters and scalings. To date, only OPT include the stored
energy contribution of circulating fast particles introduced by the neutral-beam injection.
This improvement to OPT was also suggested by Stan Kaye [34], and was found to make
at most a 15% correction to energy balance calculations for the cases considered.

Device performance estimates and flexibility

One of the first criteria in the design of USTX is that it should be flexible enough to
provide adequate resolution to distinguish among confinement scaling expressions. This is
especially pertinent in light of the lack of aspect-ratio scalings in the ITER confinement
database. This question has been studied using the routine S2, which explores the
predictions (based on the various scaling expressions) for machine performance in a multi-
dimensional parameter space. The ranges of the five input parameters used for USTX-0
are give in Table 4.2 where GrwFract is the fraction of Greenwald density limit for a
particular case. In addition, we set & = 0.4, and used the natural elongation fitted to the
results of Kalmykov [10] (see discussion in Sec. 3.2). We are aware that more recent
studies indicate some differences from Kalmykov, but these corrections do not significantly
impact our analysis. We have carried out this study for a range of auxiliary heating
options (described in FRC report #468). Here, however, we focus on the Ohmic Phase I
scenarios, which are described in chapter 9, and find even in this case a significant range of
predicted performance.

Table 4.2. Range of S2 input parameters used for USTX-0

R (m) A I, MA) BT(T) GrwFract
Minimum (0.6 1.33 0.2 0.25 0.2
Maximum | 0.8 1.63 1.0 0.60 0.8

We have found that a useful way of summarizing the results is in the form shown in
Table 4.3. Each diagonal element of the table shows the ratio of the maximum to the
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minimum value of energy confinement time 7z predicted by the i’th scaling relation for
operation within the parameter range specified. The (i,j) off-diagonal elements show the
maximum ratio of Tg(row=i)/7g(column=j) in the upper and lower halves for the i'th and
j'th scaling relations. For each (i,j) pair, the best 7g ratio is the larger of the (1,j)'th and the
(,D)'th element. Note that entries symmetrically located about the diagonal are generally not
inversely related since different input conditions are chosen to maximize each element.
Higher numbers indicate good separation between the predictions of the two expressions
involved. For example, the table below shows that Goldston-quadrature and RLW are
very well resolved (max 7z ratio = 65), while Goldston-L and ITER-89P are not as well
resolved by USTX (max 7g ratio = 1.4). On the average, we obtain a maximum ratio of
11.3 between 7z's for scaling relation pairs. The minimum to maximum tg variation
within each scaling relation is at least a factor of 2.8, with some varying much more. This
data will allow significantly better projections for an ST reactor than are presently possible.

In addition to computing the ratios of predicted confinement times, the program
computes the maximum 7g, f, and By for each scaling relation, shown in Table 4.4. (For
the auxiliary heated cases, values obtained with the OPT code are given later in Table 4.6.)
The code also produces a set of operating conditions (input parameters) which are best
suited to resolve the scaling relations. This list consists of about twenty "discharges”
which will be used as a blueprint for experiments on USTX to determine which if any of
the empirical scaling relations derived for normal-A tokamaks apply at low A. These
studies (described in chapter 9) will require only a few well-diagnosed cases with full
profile analysis.
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Table 4.3. Confinement-time ratios for Ohmic discharges

DII- DI- DTEM Gold GoldL ITER- Kaye Kaye Lack- Neo-Alc RLW
JET OH quad 8P all  Gold Got

DI-ET | 4.3 62 462 21 08 10 08 1.6 2.2 12 0.7
DIN-OH 10 5.8 21 66 07 05 04 12 05 24 0.1
DTEM 14 78 11 62 12 13 10 07 14 56 06
Godqued [ 0.5 1.6 08 13 03 03 02 05 03 09 0.1
Gold-L 15 80 6.8 31 3.7 14 11 24 34 18 1.1
ITER89P | 1.8 66 63 26 13 3.4 08 25 26 14 09
Kaye-all 29 88 83 33 20 16 2.8 34 37 20 1.3
Kaye-Gold | 2.4 12 32 20 18 20 15 6.1 25 13 1.1
Lack-Got [ 2.8 59 5.1 12 20 16 11 36 7.0 55 04

Neo-Alc 1.7 18 32 40 12 10 07 22 06 24 02

RLW 1.3 22 39 65 15 12 87 27 176 24 18

Table 4.4. Maximum confinement times and betas

DII- DII- DTEM Gold- GoldL ITER- Kaye- Kaye- Lack- Neo- RLW
JET OH quad 89P  all Gold  Got Alc

7g (ms) | 54 23 67 14 67 55 68 97 65 40 497

g (ms) | 12 31950624 15108218 16 24 16 938 . T2 7

BN 35 18 40 21 38 36 42 48 35 23 50

B%) |22 84 26 14 24 23 19 31 23 10 32
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Beta-limit studies

Normalized beta optimization

In this section we consider the feasibility of achieving either the reactor relevant
regime of fy = 3 (see section 2.1) or the more aggressive stability limit of Sy =5 [38].
An important realization is that it is advantageous to optimize parameters separately for each
scaling relation and for each physics goal. Using known physics constraints and a range of
operating parameters, and assuming a conservative H-factor of 1.6 consistent with
HO — D+ and Ohmic H-mode (see chapter 3), we have used the OPT code to determine
the optimum plasma configuration for each scaling relation. We have also performed some
sensitivity studies noting, for example, that for Lackner-Gottardi, RLW, and Kaye-
Goldston, the power required to reach Sy = 5 is a strong function of the achievable plasma
density limit. For all of the scaling relations, f increases fairly slowly with Paux, so
doubling B is very expensive. However our analysis indicates that very high values of B
should be achievable with Ohmic heating only.

In performing the present analysis, we have restricted ourselves, except as noted, to
the following range of parameters: A = 1.25 -1.7, Rg>0.55m, k=12-2.2, §=0.1 —
0.5, Ip = 0.65 MA to I max (predicted for USTX Ohmic cases by an analytic fit to filament
model runs for either the A = 1.25 or A = 1.43 solenoids with ;= 0.3 or 0.7 respectively,
and taking no credit for volt-seconds produced by other PF coils), 0.3 T < Bpg <
max(B7p) (given the present power supply and twelve single-turn coils), g > 3.2, n, less
than 0.8 times the Greenwald limit, o, = 0.7, a7 = 1.0, and Zegg=2. We also constrain
the plasma geometry such that it fits within the USTX vessel on all sides accounting for the
variation in R, between the A = 1.25 and 1.43 solenoids. To understand the ultimate
performance of this machine, we Lave also considered cases with neutral-beam heating.
For neutral-beam injection with one (or two beams only for a few cases as noted), we
restrict the injected power to 1.25 MW (1.5 MW) per beam at Ebeam = 40 keV (60 keV).
Note that OPT does not guarantee MHD stability of high-beta plasmas, but for the purposes
of this section, we assume that reaching a beta stability limit can be deemed a success for
USTX.

Based on this analysis, we find that for each of the scaling relations, it is possible to
achieve fy = 3 with a total input power Py of under 1.9 MW. For each scaling relation
studied, it is possible to achieve fy = 3 with Ohmic heating alone, with the exception of
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neo-Alcator with which Sy = 2.8 can be achieved. Similarly it is possible to achieve fy =
5 with Pgot < 3.3 MW, and PN < 24 MW. In every case except neo-Alcator and
Goldston-quadrature, PNg < 1.25 MW is sufficient assuming gcy) is used in the scaling
relation. All of these results were obtained with the A = 1.43 solenoid. Using the A =
1.25 solenoid, there is no essential physics change; only the minimum A for a given Rg is
reduced and I, mayx is reduced, taking no credit for non-inductive current drive. If we
reduce the target plasma current to the 400 to 600 kA range and use Rg 2 0.5 m, it is
possible to achieve fy = S with PNg < 1.5 MW for each of the scaling relations except
Goldston-quadrature where By =4.7 is reached. Note that while the A = 1.25 solenoid is
necessary for various physics experiments leading to a reactor, the higher inductive current
capability of the A = 1.43 solenoid will make it more attractive for initial high-beta
experiments.

The high-fy optimization is accomplished in most cases by reducing Byp to 0.3 T
and reducing Rg and Ip from the nominal values. If one assumes that g (i.e., g rather than
qcy)) is appropriate to use in the neo-Alcator, Lackner-Gottardi, and Goldston-quadrature
studies (which seems likely from our analysis), then By = 4.75 can be achieved in every
case with a single neutral beam. If the achieved H-factor reaches 2, (e.g., by injecting DO
into D, or by good wall conditioning), or if we can run with B1p < 0.3 T, or if elongation
can be favorably controlled, or other constraints are slightly relaxed, it should be possible
to investigate the j3 limits at low aspect ratio for any of the scaling relations with Pyot < 1.5
MW. Indeed, as we have seen in Table 4.4, we find that, according to many of the scaling
laws, high By should be possible even for ohmic discharges. While none of these
possibilities is guaranteed, the enormous cost-savings implied suggest investigating these
approaches, along with separate optimization for each scaling relation, before investing in
expensive beam power.

Note that if we require the nominal device parameters, Ry = 0.7 mA=143,I,=
1 MA, B1g= 0.5 T, (nezg) = 0.5, and x = 1.6, to be used in each case, we pay an
enormous penalty. In this case an average neutral beam power PNg = 5.4 MW is required
(ranging from 1.6 to 8.6 MW for the various scaling relations) to achieve Sy = 5. But, by
optimizing the plasma configuration for the various scaling relations and physics issues, we
can significantly reduce the required beam power and cost of the experiment.

The results shown in Table 4.5 are for more restrictive conditions than those
discussed above to demonstrate that it is not necessary to significantly compromise the
plasma size or aspect ratio to achieve high Bn. In particular Ry = 0.6 m, I,=07t0 1.0

4-19



USTX Proposal

MA, A< 1.6, 1.2 < k< 2. The neutral-beam power has been restricted to either 1.25 MW
or 1.5 MW. 1t is found that despite these constraints, one beam is sufficient to access Bn>
3; and for nine of the eleven scaling relations, it should be possible to explore even the
optimal high beta stability limit Sy = 5. As will be shown in Table 4.6, it will be possible

to achieve By = 3 without NBI.

Table 4.5. Optimized plasma parameters to achieve Sy = 5.0.

Scaling R | A | I | Bo |[(ne20)| %= | Bv | (B) | Pn | Pro
Relation (m) MA)| (M [ (m3)] (ms) (%) | MW) | MW)
Neo-Alc 0.60 {1.60 10.7 (0.3 1.01 (153 [3.65 [22.7 [1.5 2.65
Kaye-all 0.75 139 |1 0.3 0.70 |55.8 |5.08 (314 |1.25 |1.96
Lack-Gott {0.64 |1.49 |1 0.3 1.10 [45.6 |5.13 |39.8 [1.25 |2.19
RLW 0.76 11.38 |1 0.3 0.66 [89.8 |5.21 (313 [1.25 |1.74
Gold-quad [0.60 [1.60 | 0.7 |0.3 1.01 |16.3 |3.80 |23.6 |1.5 2.59
Gold-L 0.64 |1.49 |1 0.3 1.10 |41.9 |5.09 |39.5 [1.25 |2.25
Kaye-Gold | 0.75 |1.39 |1 035 [0.70 |72.4 |5.21 [|27.6 |1.25 |1.80
DII-JET (0.71 {1.42 (0.7 |0.3 0.57 |25.1 |5.02 |234 |15 2.10
ITER89-P {0.60 |1.54 [0.7 [0.3 0.93 (259 ]5.08 [304 (125 |1.98
DTEM 0.70 |1.43 |1 0.3 0.85 |45.0 |5.00 [34.0 [1.25 [2.12
DII-D-OH|{0.77 |1.38 |1 0.4 0.65 |125.0]5.44 |244 |1.25 |1.59

Beta-limit scaling with aspect ratio — beam-heated cases

To ascertain that the S-limit can be studied over a range of aspect ratios, we have
determined the neutral-beam and total power required to reach By =5 for A between 1.25
and 2.0, assuming Lackner-Gottardi scaling (which has been compared favorably to
START experimental results). The following parameters were chosen to allow this range
of A while maintaining ¢ > 3.2: Ro = 0.60 m, x=2.0, 7, = 0.81, / (naz), I, = 0.8 MA,
and Bp = 0.3 T (but increased gradually to 0.63 T as required to keep ¢ > 3.2). As Fig.
4.7 shows, PNB < 2.4 MW (or 1.1 MW if g replaces gcyj in the scaling relation) is required
over the entire range of A. The power required using gcy1 drops as A is increased from
1.25 because By increases linearly with a-! which is proportional to A given a fixed Ry.
When the g-limit is reached, however, B7p must be increased, and the resulting decrease in
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By dominates. The conclusions are that one beam is adequate to reach the S limit for all but
two scaling relations (which may require two beams if these relations are found to apply),
and that for Lackner-Gottardi, two beams are adequate for 1.25 < A < 2.0 with dcyl
dependence and one beam is adequate assuming g dependence. One beam is adequate to
reach By = 3 with either assumption. Again, many of the scaling relations predict
achievable high 8 even in the Ohmic phase.

g logdl <
0 O= O =0 0 ?_0_?,0’
1.2 1.4 16 1.8 2

FIG. 4.7. Neutral-beam power Pyp required as a function of aspect ratio to reach a
normalized beta value fy = 5 assuming Lackner-Gottardi confinement scaling with either
qcyl or g used in the scaling relation.

Average-beta optimization

We next investigate optimizing plasma parameters to maximize volume-average beta
(B) as opposed to By. In general, to maximize (B) for a given heating power, the major
radius is decreased to minimize plasma volume. Then the aspect ratio is minimized,
constrained by the inner vessel wall, to allow the greatest Ip before the ¢ limit is reached.
Note that Ohmic heating is the most efficient way to increase (f) since an increase in Ip
allows higher plasma densities to be achieved. Once the q limit is reached, neutral-beam
power, if available, can be added until the By stability limit is reached.
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In Table 4.6 shown below, we have restricted ourselves to Rp=0.64 m, A =149,
K=2.0, I, = 1.05 MA (to keep g > 3.2), Brp = 0.3 T, one neutral beam, and By < 5 for
stability (assuming an optimized current profile). These studies indicate that with Ohmic
heating alone, USTX should be able to achieve {f) = 20 ~ 40% for any of the eleven
scaling relations studied, and (B) > 25% with PNg < 1.5 MW. Note that stability
considerations are likely to limit () further, but the point here is that excessive beam power
is not required with careful optimization. Since we used the same Ip, a, and By in each
case, for SN =5 all of the scaling relations would reach the same value,
(B)=PBnI,(MA)/(a(m)Byy(T)) =40.8%. For neo-Alcator, Goldston-quadrature, and
DIII-D-JET, however, we are unable to reach By = 5 with PNg < 1.5 MW, for the
conditions specified. For RLW and Kaye-Goldston which can reach BN =5 with ohmic
heating alone, it is necessary to reduce the density to avoid exceeding the By = 5 limit with
the conditions specified.

Table 4.6. Achievable volume-averaged beta with Rp=0.64 m, A=1.49,
I,=1.05 MA, Bjp=0.3T, and PNg < 1.5 MW.

Scaling (re20) % |P | By |[B) [
relation (1020m3) | (ms) | (MW) (%) | Png=0
Neo-Alc 1.16 18.6 [1.50 [3.22 [26.3 [20.6
Kaye-all 1.16 56.2 {0.74 [4.99 |40.8 |34.9
Lack-Gott |1.16 54.1 [0.81 (499 [40.8 |35.3
RLW 0.97 124.1 [0.00 |4.99 (40.8 |40.8
Gold-quad {1.16 22.6 |1.50 (3.59 [29.4 |22.8
Gold-L 1.16 45.0 |1.18 [4.99 |40.8 |32.8
Kaye-Gold {0.94 129.6 |0.00 [4.99 |40.8 |40.8
DII-JET 1.16 279 1150 [4.05 [33.1 |263
ITER89-P |1.16 39.0 |1.50 [(4.98 |40.7 |31.5
DTEM 1.16 438 (1.23 [499 [40.8 |33.2
DIII-OH 1.16 62.7 |0.56 (4.99 {40.8 |34.0

We conclude that if any of these empirical scaling relations are valid at low A, and
current profiles are found to be favorable (or can be adjusted) for MHD stability, this
device should achieve a volume-averaged beta in the range of 20 — 40%.
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CHAPTER 5

PHYSICS DESIGN CONSIDERATIONS:
MAGNETICS

We now discuss the physics studies necessary for design of the OH solenoid and poloidal
and toroidal field coils. Poloidal field* (PF) coils are necessary to drive plasma current,
maintain plasma equilibrium, and to select and actively control plasma position and shape.
We show that the present conceptual design of USTX can produce the desired point design
plasmas, and that sufficient flexibility in the PF coil system allows exploring a large
operating space. Effects of toroidal field coils on plasma and tokamak design are
discussed. Some preliminary studies of plasma MHD stability are also presented here.

Non-inductive current drive is one of the major challenges left to the fusion
program, and it is claimed to be a necessary condition for the realization of a fusion reactor.
But it is still difficult to predict, in part since it depends on the confinement properties of the
plasma, which are unknown at low A. That being the case, the design of the USTX PF
coil system provides the means for purely inductive current drive to the desired plasma
current value of 1 MA,

Because it drives the whole design of the poloidal field coil system, a discussion of
the ohmic (OH) solenoid design is presented first. Next follows a discussion of different
aspects of the poloidal field system study, as they would arise in the temporal evolution of
a discharge: breakdown, current ramp up, and flat top. A preliminary discussion of shape
flexibility, position control and disruption effects follows. Simulations of plasma
evolution, as driven by available power supplies, are presented. Toroidal field coil
considerations such as ripple and eddy currents are discussed with simple models. Finally,
preliminary MHD stability studies are discussed.

Time dependent simulations of the evolution of plasma and poloidal fields, taking
into account induced eddy currents, transport and MHD stability, will eventually describe
the operating space accessible to USTX. Here we present only initial studies showing
some of the capabilities of the present concept.

* Anywhere in this chapter, magnetic fields that are not toroidal are described generally as poloidal, whether
they are vertical, horizontal, or genuinely poloidal.
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5.1 OH solenoid design strategy

The solenoid design depends on a variety of constraints: geometric, mechanical,
electrical, thermal. Here we describe the simplest models that are used to specify the
desired solenoid. They provide enough information to choose an optimum design, which
is then studied in detail to guarantee its performance.

Geometry

The design attempts to maximize flux swing. The space available to the solenoid is
constrained by the central toroidal-field (TF) core and the operational aspect ratio and major
radius. Within this space the flux attainable depends on the current density in the solenoid.
The current density is limited either by the mechanical strength of the copper, or by a
maximum allowable temperature excursion. The details of the solenoid layout (number of
layers, number of turns, winding pitch) depend on mechanical and electrical prescriptions.

The simplest possible model to estimate solenoid performance is given by an
infinitely long solenoid of radius r,p, thickness Ws, ng turns per unit length and a one-turn
current I, as shown in Fig. 5.1.

e B

Bs §§.di=ﬂ0j‘}’d§
B =pgngl;

A\P,(R)=2j:§-d§
n; =turns/length
s = current / turn
Ws =(Roy — Rip)
Toh =(Roy +Rip)/2

R

FIG. 5.1. Schematic of flux calculation in an infinite solenoid.
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Assuming that the solenoid current density, J;, is uniform, the total change in flux
when the current changes from I to -I; is given by

AY, =272 (Wolsn,)=21F2 o J,w,, with F, =\/r§,, +w? /12, (5.1)

Hence, the solenoid radial extent and the allowed poloidal current density determine the
maximum available flux swing.

The solenoid inner radius, Rjp, is defined by the toroidal field (TF) inner core. The
radial extent of the TF core is determined by thermal considerations. Given desired values
of Br at Ro (which gives the current in the TF coils ITg), the equivalent square pulse
duration At, and the allowed temperature rise in the TF core AT, then the outer radius of the
TF core RF,out is uniquely defined by the allowed current density

T(Ryp o — Rypin)? = Inp %AA}' (5.2)
Here 7, p and Cr are the resistivity, mass density and thermal capacity of the copper,
respectively. RTp,ip cannot vanish, since a central spindle is included for structural
integrity. Allowances need to be made for insulation, cooling lines, and TF-solenoid
clearance, which are taken into account in the detailed design, and ultimately determine the
inner radius of the solenoid.

The inner radius of the plasma Ry, iy, is defined by the choice of aspect ratio and
plasma size;

Rp,in = Rg (A-1)/A. (5.3)

A radial gap is required between the OH solenoid outer radius and Rp in to allow
space for the inner vessel wall, diagnostics, and protective carbon tiles. The OH solenoid
radial extent is thus fully specified.

In the above discussion, and in what follows, only the infinite solenoid model is
used. The height of the solenoid is effectively determined by the largest expected plasma
height, since stray end fields would otherwise deform the plasma boundary. Actual
simulation results for realistic solenoid designs are presented in Chapter 6. In most cases
the only correction necessary to the infinite-solenoid calculations is the computation of
mutual inductances. Note that much of the early work on USTX solenoid optimization was
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done in collaboration with the ORNL group, including Richard Colchin, John Galambos,
Paul Goranson, and Steve Hirshman.

Materials

The solenoid current density is limited by the mechanical and thermal characteristics
of its constituent parts (copper and insulation). The hoop force on each turn is balanced by
the tensile strength of copper. In the infinite solenoid approximation, the stress limit o(R)
is given by

o=F/S = Js BsR < GCu. (5.4)

The hoop force is largest at the inner radius of the solenoid. Often a limiting value
of the solenoid field By (typically 10 T) is quoted as the mechanical constraint, rather than
the actual stress. The yield strength of the chosen material defines an upper bound for Jg
(taking into account safety margins). Maximizing flux swing is best done by selecting
stronger types of copper and high J;.

Ohmic heating of the solenoid is another limiting factor on Js, defined by material
choice. The solenoid temperature rise at the end of the pulse is given by

AT=72_T A 5.5
* pCr D!

with all quantities defined as for equations (5.1-2). Active water cooling of the solenoid is
required between shots to limit temperature excursions to a reasonable value. The water-
cooling system performance defines the time between shots as well.

Any given solenoid design is either stress or thermally limited. The interplay
between the two limits guides the choice of material: a stress limited solenoid calls for a
stronger copper, even though it may be more resistive.

More detailed calculations of mechanical and thermal stresses, including von Mises
forces, are discussed in Chapter 6.

Winding schemes

Ease of winding and fabrication, cooling, and turn-to-turn voltages are taken into
consideration to select the "internal" details of the solenoid: how many turns, how they are

5-4



USTX Proposal

distributed radially and vertically (number of radial layers and number of turns/layer), pitch
of the coils (n-in-hand). As the number of turns is increased, more space is lost to
insulation, and less current per turn is required, but the length of the cooling paths increase.
It is generally advantageous to have low current per turn, so error fields associated with
feeds are reduced. The more radial instead of vertical layers, the easier it is to wind the
coils (to avoid keystoning). Winding many-in-hand reduces cooling path lengths.

The finite helical pitch of the solenoid coils may produce error fields that would
contribute to the formation of islands in the plasma and/or reduce plasma confinement.
This problem was investigated by the Auburn University group using a field-line tracing
code [1]. Different solenoid designs were studied. It was found that, if there is an even
number of radial layers, and they are wound with alternating helicity, there is good
cancellation of the stray fields. The largest expected island size is 0.5 cm or less, which is
acceptably small.

A large voltage Vs must be applied across the solenoid in order to initiate plasma
breakdown with a plasma loop voltage Vzp.

Vs =(Ls/Msp ) Vgp, (5.6)

where L is the solenoid self-inductance, while Mp is the mutual inductance between the
solenoid and a filament at the plasma position. To keep V; low (so less space for insulation
is required), it is best to have fewer turns at higher current I

Cost

Cost is also an issue. For instance, a maximum-stress design would have more
turns in the outer radial layers (where the most flux gain is attained) than in the inner ones
(where the stress is highest). But the increase in flux swing may not be worth the higher
fabrication cost and resistive power consumption.

Flux consumption

The available flux swing is consumed by raising the plasma current inductively and
by resistive dissipation. During the plasma ramp-up phase, the latter term is most simply
modeled as a fraction of the internal inductive term, with the Ejima coefficient CEjima [2],
as follows:
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]
AY= L1, + _I 9,1, dt = uokozp[m%+%(1+ Cogina ) — 2] (5.7)
with L, being the plasma inductance, 9, the resistance, J; the normalized plasma internal
inductance, and the other parameters as defined in Table 1.1. In the detailed design the
plasma external inductance is not given as in the above equation, but as described by
Hirshman and Neilson [3] taking into account low-aspect-ratio corrections. Time dependent
simulations that more accurately reflect flux consumption will be described in Section 5.7,
and are used to fine-tune the OH solenoid design..

5.2 Breakdown fields

The use of a double-swing solenoid implies that at breakdown time, the solenoid
current has a large positive value (the plasma current direction is defined as positive). Such
an arrangement produces a large vertical field at the plasma position, which is in the
direction that would force the plasma towards the solenoid during the first half of the
swing. Such stray fields need to be compensated by return coils to form a field null for
breakdown and to facilitate control of plasma shape by the other PF coils.

The fields at breakdown time are produced by the solenoid, the PF coils and eddy
currents induced on passive structures by the current ramps in the PF coils and solenoid.
Optimum solutions are dependent on details of eddy current models, but basic features are
somewhat model independent. A study by Hwang and Ono [4] shows that a sufficiently
good field null, as shown in Fig. 5.2, can be achieved with existing coils.

The voltage available for plasma breakdown is very sensitive to the solenoid design
and power supply (P/S) circuit details. Two different circuits were modeled to simulate the
OH P/S. In the first case the P/S voltage was reversed at full forward current to supply the
breakdown voltage. The voltage available for plasma breakdown is presently estimated at 4
to 5 Volts with this circuit. In a second option, a series resistance is included in the
solenoid circuit in order to drive the current down more rapidly. The available breakdown
loop voltage in that case is of order 15V. The voltage appearing at the plasma is reduced
by eddy currents in the TF core (as discussed in section 5.7) and in the vacuum vessel.
The TF eddy currents reduce the effective breakdown voltages by 10%. Conservatively we
then expect 3 V (ET~ 1 V/m) with P/S reversal and 12 V (ET~4 V/m) with a series
resistance.
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FIG. 5.2. Contours of 1Bl showing that a good null can be formed for plasma
breakdown. The innermost contour corresponds to 5 G, subsequent ones are spaced at
intervals of 5 G, increasing outwards.

Allowable poloidal error fields for ohmic breakdown, B, are related to the toroidal
electric field E [5, 6] by

B,(T) < 10-3 E7(V/m) B (T).

This limits the transverse field to 5 Gauss or less (over most of the plasma cross section)
for the P/S reversal circuit, and to 20 Gauss for the series resistor circuit. The poloidal
field null achievable with the present set of coils is only that small in the central part of the
plasma, as was shown in Fig. 5.2. As a consequence, the use of ECH to initiate
breakdown may be required. DIII-D [5] results indicate that ECH allows low voltage
breakdown in the presence of error fields larger than 50 G. ECH startup assist scenarios
are described in 7.3.
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5.3 Plasma current ramp rate

Studies of the current-rise phase of tokamak discharges are inconclusive as to
which processes are responsible for initial current penetration: MHD in general, double
tearing modes in particular, classical, neoclassical or anomalous resistivity, etc. Results
from TEXT [7] and JET [8, 9] indicate anomalous resistivity during the initial current
ramp-up phase but Spitzer/neoclassical resistivity for a plasma current ramp later in the
discharge [10, 11]. In TFTR [11] current ramps as fast as 5 MA/s are used, up to 1 MA
plasma current.

Ramp rates of 1-2 MA/s on DIII-D are routinely used [6]. On TEXT-U, ramp rates
of 6 MA/s are easily attained up to 0.2 MA, without exciting large MHD activity. Details of
tokamak operation (whether the toroidal field is ramped together with the plasma current,
pre-programming of plasma position and shape, gas-puff rates, wall conditioning) allow
some latitude in the current ramp rate choice. Different operational scenarios will be
investigated numerically and experimentally. For the time being, it has been assumed that
the plasma current ramp-up rate in USTX is 5 MA/s, based on TEXT operational
experience and on indications from larger tokamaks. This can be considered as an upper
bound, since it can always be reduced on demand.

Possible enhanced neoclassical resistance due to the increased number of trapped
particles at low A may allow faster current ramp rates, by reducing skin times and
automatically producing more peaked current profiles. On the other hand, hollow current
density profiles may be stable in low-aspect-ratio tokamaks, allowing low-inductance
plasmas during the current ramp and the flat top. This reduces initial volt-second
consumption. Indication of such behavior has been observed in START [12] where a
current ramp rate of 50 MA/s has been achieved (Vioop= 34V, I, <160 kA). The fast
ramp rate is thought to be due to the small internal and external inductances of this low-A
device. Our own time-dependent simulation codes indicate that plasma current ramp-up
rates of order 5 MA/s can be expected in USTX, as will be discussed in section 5.7.

At plasma initiation time, there are large time derivatives of the current in all PF
coils. Poloidal field coils in spherical tokamaks have rather strong coupling, particularly to
the solenoid. This imposes the most stringent constraints on the voltages of the PF system
power supplies. For the point design, a satisfactory assignment of existing supplies can be
made, which will be discussed in Chapter 6.
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5.4 Plasma shape control

As usual, flexibility and optimization produce orthogonal requirements for poloidal
field coil placement, as well as vacuum vessel design. For detailed plasma shape control it
is desirable to have the plasma completely surrounded by actively controlled poloidal field
coils. One objective of USTX is to study many different configurations, with different
plasma sizes and aspect ratios, as described in Chapter 4. Adequate space must be
provided inside the vessel for such flexibility, and the poloidal field coils need to be farther
from the plasma, becoming less efficient at controlling details of the plasma shape. We
show in this section that the USTX design has sufficient PF coils to overcome this
problem.

A solenoid of infinite length would provide the flux swing without affecting the
plasma shape. A finite solenoid with return windings provides the best realizable
approximation to inductive drive with minimum effect on plasma shape. In this section we
show that shape control during the plasma flat top phase is possible (see Figs. 5.3-4).
Shape flexibility will be explored further. For instance, a highly triangular plasma is
described in Sec. 5.8.

A description of a PF coil configuration found to give good equilibrium shape
control is shown in Table 5.1 for reference, where AR and AZ are the conductor full width
and height. This set of coils has been used for all equilibrium calculations presented.

Table 5.1. Description of poloidal field coils.

PF# [R(m) Z(m) AR(m) AZ(m)
PFla 0.250 +1.550 0.025 0.090
PF1b |0.250 +1.480  0.050 0.060
PF2  [0.530 +1.475  0.075 0.130
PF3 1.020 +1.365 0.075 0.130
PF4  (1.600 +1.200 0.100 0.100
PF5 1.770 +0.550 0.200 0.100
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To illustrate the performance of the PF coil system, a relatively high-f plasma is time-
stepped through the current flat-top, while the shape of the last closed flux surface is held
constant. Figures 5.3 and 5.4 show the plasma at the beginning and end of the flat-top,
indicating that the plasma shape is well controlled by the PF coils. Note that Raxis is the
major radius of the magnetic axis, J; is the toroidal current density, and (...) indicates a
flux-surface average. The equilibria are computed with EFIT [13]. The pressure and
current-density profiles chosen in this case are conventional (i.e., peaked in ¥). Note that
even though the shape of the last closed flux surface (LCFS) is relatively well conserved,
the shape of the scrape-off layer (SOL) changes, due to solenoid stray fields. Different
prescriptions in the equilibrium code need to be implemented to allow for requesting not
only a given LCFS shape, but also a given SOL shape. Further equilibrium studies will
elucidate the degree of control of plasma and SOL shape permitted by the PF system. Of
course, non-inductive current drive would alleviate shape control problems, by reducing
solenoid stray fields.

As is discussed in Chapter 6, a combination of existing power supplies, P/S, (from
TEXT-U) and a new OH solenoid supply are used for the PF system. The current ramp-up
and flat-top phases were studied to ensure that the available P/S voltages and currents could
control plasma shape and position throughout the discharge. In this particular example the
plasma minor radius was increased slowly, from an initial value of 0.26 m, and the safety
factor was held approximately constant from Ip=250 kA to 1 MA. The largest PF coil
voltages are required during the first few time steps. The present P/S should be adequate to
control the plasma. Different prescriptions for the ramp-up phase (varying the plasma
major radius or the toroidal field during the ramp) may further alleviate P/S voltage
requirements. Additional exploration of the operating space of USTX is required before
the design of the PF windings and their power supplies can be finalized.

Other shapes are shown in the MHD discussion in Sec. 5.8. For instance, a low-
aspect-ratio plasma (A = 1.25), computed with the equilibrium code FBEQ, by Strickler,
Peng and Galambos of ORNL [14] is shown later in Fig. 5.8, and a reversed shear
configuration computed in collaboration with Lao is shown in Fig. 5.10. Note that the
same PF coils are used for both the A = 1.25 and the A = 1.43 plasmas. The only
difference between the two options is in the solenoid and the vacuum-vessel inner wall.
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5.5 Plasma position control

Poloidal field coils have to provide real-time active control of the plasma position. Here we
describe how we intend to study this problem. As mentioned in Chapter 3, in a
homogeneous vertical field, elongated low-A plasmas can be stable to up-down
displacements. Such natural position stability is reduced by stray fields from the solenoid
and eddy currents (time dependent), up-down asymmetric plasmas, and elongation beyond
the natural value. In-out plasma position stability also needs to be investigated in low-A
tokamaks.

In general, models of the feedback problem have been developed for a simplified
plasma, represented as a current filament. Plasmas with low internal inductance exhibit
non-rigid behavior, and are generally more up-down unstable than similar plasmas with
more peaked current profiles. Non-rigidity effects are usually only taken into account by
arbitrarily imposing stronger constraints on the feedback system.

The plasma in-out position problem is connected to the plasma current control
problem. A hybrid system is envisioned, in which PF4 and/or PF5 produce most of the
vertical equilibrium field (preprogrammed + linear gain) and another coil, with a faster
characteristic time (differential gain), is used for fast-feedback stabilization of the in-out
position. The evidence from START [15] is that the in-out stability of elongated low I;
plasmas is quite good.

Selection of the active coil requires modeling of the vacuum-vessel eddy currents,
which is underway. Eddy currents in passive structures can be decomposed into their
normal modes [16]. This technique simplifies the study of the vessel-plasma interaction,
since it allows the computation of luraped circuit characteristics (resistance, self and mutual
inductances) of the relevant modes. The first symmetric mode is coupled to plasma current
ramps and in-out displacements, while the first anti-symmetric mode is coupled to up-down
displacements. The optimum active feedback coil is chosen by balancing two opposite
criteria: the active coils must be well coupled to plasma displacements, but not to the eddy
current distribution produced by such displacements [17].

Once the best coils are chosen, a closed-loop model of the feedback system will be
implemented to determine power supply requirements imposed by the worst expected field
indices. The possibility of adding fast-feedback coils for position control is still open; they
will be added if it is found to be necessary during the design phase.
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5.6 Fault conditions

START has disruption-free operation, at least as long as the plasma aspect ratio
remains below 1.8 [18]. Reconnection events ultimately reduce the plasma current, but do
not destroy the plasma. On the other hand, CDX-U does disrupt when g is low [19]. The
electro-mechanical design needs to take possible disruption loads into account, since they
may well happen in USTX.

At a 1 MA level, a plasma disruption can have dramatic consequences. Electrically,
it induces transient voltages in the PF coils, requiring protection for both insulation and
power supplies. Mechanically, induced currents in the vacuum vessel and plasma-facing
components may produce large forces when crossed into the ambient poloidal and toroidal
magnetic fields. There are two sources of disruption loads:

a) As the plasma current decays the dI/dt induces toroidal currents in any
toroidally continuous elements, including, in our case, the vacuum vessel. This
toroidal current experiences a J X B force with any poloidal fields.

b) Halo Currents: during a disruption the poloidal component of the current flows
through the plasma facing components. These halo currents have been measured to
be up to 35% of the plasma current (in DIII-D, for instance). The toroidal field
induces a J X B force on these poloidal currents which can be considerable. The
usual solution is to build a structure internal to the vessel which is not toroidally
continuous but has current paths for these transient currents and which is reinforced
to the main support structure. (Note that the design has to deal with potentially a
600 V loop voltage without breaking down). The vessel rib structure, external to
the vessel and toroidally interrupted, provides current paths for the transient
currents, while being stronger than the vessel itself. The forces are transmitted
through a set of hard points to the external structure. All the plasma facing
components, such as tiles, have to be able to resist these forces. It is believed that
the tile breakage on Alcator C-Mod [20] was caused by tiles rotating under these
forces, allowing adjacent tiles to supply a current path until the forces exceeded the
structural strength.

These issues need to be assessed during the design phase in order to demonstrate
the viability of this vessel concept.
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5.7 Time dependent simulation

Issues like plasma breakdown, current ramp up, and even control of plasma shape
during flat top are all time dependent. A variety of codes has been written to deal with
different aspects of the problem. Here we describe the time-dependent codes that were
used to aid in the solenoid characterization and design.

To study the plasma current ramp-up phase of the discharge, two codes were used in
conjunction. The first one (the circuit code) describes the system of plasma, solenoid and
return coils as a lumped circuit, and simulates the OH power supply capabilities. The
second code (the plasma code) is a 1-D transport code that incorporates the relevant physics
to study plasma evolution during the current ramp-up phase.

In the circuit code, the motor generator set and power supply are simulated as appropriately
sized capacitors and series resistors. The OH system (solenoid & return windings) is
characterized by its resistance, self-inductance and inductive coupling to the plasma. The
mutual inductance between plasma and OH is calculated by assuming the plasma to be a
current filament positioned at the nominal major radius, Ry, without taking into account the
plasma current distribution. Thermal heating and the consequent changes in solenoid
resistance is included in the calculation. Two different options for the OH P/S were
considered, the supply reversal and the resistor circuit. In the first case the P/S voltage was
reversed at full forward current to supply the breakdown voltage. The available voltage is
severely degraded by commutation lag caused by the series inductances, providing of order
5V for plasma breakdown. In the second case a series resistance is included in the
solenoid circuit in order to drive the current down more rapidly. For that case the available
voltage is limited by breakdown limits in the solenoid winding and switching circuits and it
is in excess of 15 V. Two plasma models are used in the circuit code. The simplest plasma
model uses the Hirshman-Neilson prescription to compute the plasma external inductance,
a prescribed value for J;, and an Ejima coefficient to represent the plasma resistance. The
plasma code described below provides an alternative plasma model for the circuit code,
effectively describing the plasma as a time dependent current and voltage demand. The OH
system is then forced by the circuit code to match that demand. In either case, the circuit
equations are time-stepped from the initial conditions, ensuring all constraints (current and
voltage limits, coil heating) are met. An example of the output of this code is shown in
Fig. 5.5. Other examples are shown and discussed in Section 6.2
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FIG.5.5. OH current, plasma current and plasma loop voltage as functions of time.
Lackner-Gottardi scaling was assumed in the plasma evolution.

The plasma code is a 1-D time dependent transport code. It is a development of a
general transport code, designed in modular fashion to allow the study of different
problems (for instance, an earlier version was used to study the L-H transitions in
collaboration with GA [21]). The present version employs a low aspect ratio geometrical
model (Section 3.1) modified to include triangularity [22]. At the moment, the density
evolution is prescribed and the two coupled equations for electron energy and By, (current
penetration) are solved with a fixed T;/T ratio. Besides geometric factors, the current
penetration equation includes neoclassical resistivity with fixed Z.sr and Hirshman's
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expression for the low aspect ratio bootstrap current [23] with collisional corrections. The
fixed electron thermal transport coefficients are chosen numerically to reproduce a final
steady-state solution based on scaling relations. (Neo-Alcator and Lackner-Gottardi were
used as "pessimistic” and "optimistic" examples). The code does not include a plasma
breakdown phase. The plasma is initialized with low values of distributed current density
and temperature. For now, evolution of plasma geometry or transport coefficients has been
ignored. Given a prescribed plasma current ramp function In(t) and a choice of scaling
law, the loop voltage required to match Ip(1) is computed. The code follows the evolution
of the current profile to a steady state condition. In the example shown in Fig. 5.5, a linear
rise of I, from 10 kA to 1 MA in 200 ms, followed by a flat top at 1 MA, was chosen.
Many other quantities are computed as well, such as plasma resistance, internal and
external plasma self-inductance, plasma beta, bootstrap fraction.

Detailed modeling of the system, including the M/G set and P/S circuit, using the
EMTP power systems code, is in progress. This will better describe the hardware side of
the problem, characterizing the capabilities of the device, and will be used for plasma
position control studies in the future[24].

On the plasma side, more detailed simulation of plasma behavior (including
anomalous current penetration, stability of profiles, non-inductive current drive, etc....)
will also help characterize the expected performance. Collaboration with other institutions
will allow us to use their available time-dependent codes to simulate detailed plasma and
external circuit behavior. So far we have considered using TSC [25] from PPPL and TEQ
[26] and CORSICA [27] from LLNL, and are continuing to develop our own codes.

5.8 Toroidal Field Coils

Ripple
Toroidal-field ripple is a potential source of error fields. The USTX design
maintains the level of ripple at an acceptable value.

A simple model of TF ripple is developed by simulating the TF return legs as N
vertical filaments located at Royter. The local toroidal field is then be given by

Br = BLR&’(I + cos(Ng)),
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with

N
Broox — B R
5(R) T max T min z( )

BTmax I BTmin outer

The ripple d at R = 1.5 m (the outermost possible plasma edge location) is shown in
Fig. 5.6 as a function of Router for different numbers of turns N (all chosen even). The
present design (N = 12, Royter = 2.6 m) has a ripple 8 < 0.1%, sufficiently small for any
purposes. Halving N'to 6 gives a ripple d = 4%, which is still fairly small.
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FIG. 5.6. The ripple § at the outermost plasma edge (R = 1.5 m) as a function of the TF
vertical return leg major radius Royter, for different numbers of TF coils N.

Eddy currents

The time varying magnetic field in the OH coil generates eddy currents in the central
legs of the TF copper coils. The resulting power and flux loss can be a serious problem in
any ohmically driven spherical tokamak. These losses, first discussed by Colchin [28],
were estimated by S. J. Biao (PRC) [29] by modeling each one of the 12 pie-shaped
sections of the TF coil with an equivalent hollow cylindrical conductor with radius 7

. =\/("22 )
o N T

where r; and r, are the inner and outer radii of the TF core and s is the TF insulation
thickness. The cylindrical conductor is hollow to simulate the cooling line. The field

5-18



USTX Proposal

Penetration problem can be exactly solved for this geometry, given a prescription of the
solenoid current. Both solenoid and TF legs are assumed to be infinitely long. The OH
current variation is modeled by a slow OH coil current rise phase (125 ms, 0 to 60 kA)
followed by a fast current decrease phase (10 ms, 60 to 46.6 kA), consistent with time
dependent simulations of the solenoid-plasma system. Our calculations indicate that for 12
legs of the TF coil, the net OH flux swing and the maximum voltage are reduced by ~25%,
and 200 kJ of energy are lost by the eddy currents in the TF leg. To prevent this loss of
performance, longitudinal slots are machined in the TF coils. In that case the system is
better represented by 24 TF legs; the losses are then reduced to ~10% of flux and voltage,
and 90 kJ of energy. Power, flux and voltage losses scale roughly as 1/(number of TF
legs).

5.9 MHD stability

It is well known that details of the plasma current density and pressure profiles, as
well as the plasma shape, the total plasma current and B affect the MHD stability properties
of the plasma. In this section we will present some preliminary studies of the MHD
stability characteristics of plasmas in USTX. It is assumed that confinement properties,
auxiliary heating and/or auxiliary current drive are compatible with the plasma profiles
being investigated.

A preliminary study of MHD stability for the USTX point design (A = 1.43,
Rp=0.7m, Iy = 1 MA, Bro=0.5T) was carried out by D. Strickler, ORNL [14],
with the stability analysis code DCON [30] courtesy of Alan Glasser, LANL. The code
evaluates the Direct Newcomb criterion for MHD stability. Mercier stability, high-n
ballooning modes and low-n internal modes were studied. Conventional current density
(I; ~.7) and pressure profiles were used. Results are shown in cases 1-3 of Table 5.2.

To ensure Mercier stability, gaxis has to be sufficiently greater than unity. This, in
many cases, produces a hollow flux-surface-averaged current-density profile (as a function
of ¥). This appears to be a general feature of high-current low-A tokamaks. The
maintenance of a steady-state hollow current-density profile is of great importance to
research on advanced tokamak concepts. Combined transport and MHD studies
(theoretical and experimental) are needed to investigate those profiles.
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Table 5.2. MHD stability for A = 1.43 USTX point design, with k= 1.6, § ~.25,
(except k= 1.7, § ~.33 in cases 4 and 5).

Case#| I Gaxis | Jedge | P1(%)| BN | Mercier | Ballooning | Int. n=1 | Ext. n=1

1 .60 | 1.10 | 477 | 63 | 1.58 8] S

2 S0 | 137 | 478 | 58 | 1.45 S S S

3 J1 1.25 | 491 92 | 2.29 S S U

4 46 | 140 | 5.19 | 113 | 2.75 S S S S
5 40 | 130 | 575 | 17.3 | 4.2 S S S ?

Because of the low magnetic shear, (r/q)dg/dr, near the axis, characteristic of the
low-A plasmas we have studied, the (1,1) mode may well produce interesting effects if
qaxis < 1, as mentioned in Section 3.3. For now it has been assumed that Gaxis > 1.

Recent numerical studies by Hender [31] indicate that the edge g limit rises at low
aspect ratio. For A = 1.4, the edge g is limited at 3, for A = 1.2 the limit is 4. This
result doesn't impact the present studies, since g > 4 in every case considered.

We have performed initial profile optimization studies using EFIT and DCON.
Note that this procedure guarantees that the PF system is capable of containing the designed
plasma (it is assumed that transport properties and auxiliary heating and current drive allow
the existence of that plasma). This crucial step is often missing from MHD studies. The
results are shown in cases 4 and 5 of Table 5.2. The plasma may be in the second stability
regime for ballooning modes (implying better stability as pressure is increased), and there
is great benefit in raising gaxis to improve Mercier stability. A partially optimized plasma,
case #4 of Table 5.2, is stable to all modes, without a conducting wall, with Br=11%.
Flux contours, safety factor, pressure and current profiles are shown in Fig. 5.7. Further
optimization is possible, as evidenced by case #5, but current density profiles become
increasingly hollow. The consistency of hollow current density profiles and centrally
peaked pressure profiles with plasma transport and resistivity needs to be investigated.

MHD stability can improve significantly at lower aspect ratio, higher elongation,
and with more advanced (hollow) plasma current-density profiles. Figure 5.8 illustrates an
A = 1.25 equilibrium solution, computed by D. Strickler (ORNL) with FBEQ. The plasma
has toroidal field B7g= 0.25 T, current I, = 1.0 MA, elongation x = 2.0, and low
internal inductance /;=0.2. It is Mercier stable, and stable to ideal 7= 1 and ballooning
modes at f7=30%, By = 4.5 (DCON).
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FIG. 5.7a. Flux contours of an optimized plasma (case #4), stable to Mercier, high-n
ballooning, » = 1 internal and external kink modes (without a wall).
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Garofalo and collaborators at Columbia University [32] studied low-n external kink
modes for USTX, with the PEST code [33]. With dedge= 3.8, the presence of a cylindrical
perfectly conducting wall at R = 1.25 m improves the normalized S limit from 3 to 6. They
also studied case #4 of Table 5.2. The Grumman equilibrium code [34] was used to
reconstruct the EFIT equilibrium we had generated. They confirmed with PEST the DCON
findings of stability to internal modes, and found the n = 1 external kink mode to be stable
without a wall. By increasing pressure in the same general equilibrium configuration, the
critical By, Berit, is extrapolated from a plot of beta vs. growth rate. Shown in Fig. 5.9
are the Bt values for the first few low-n modes, with and without a wall, and for high-n
ballooning modes. It is found that a partial wall at R = 1.25 m stabilizes the n=1 kink
mode up to By = 6, but the plasma would become ballooning unstable at Sy = 4.35.
(Further profile optimization may raise the ballooning stability limit).

. Critical B,
6.0
5.5 [
o with partial cylindrical wall
- i —
4.0 o’ without wall

3.5.::::::$<ﬁ'
oRSRSo NS TR TSR R T o

FIG. 5.9. Ideal MHD stability with and without a partial wall for ¢ and p profiles similar
to those shown in Fig. 5.7b.

Reverse central shear configurations are considered advantageous for advanced
tokamak operation. In collaboration with L. Lao (GA) [35], we developed an example of a
possible reversed shear configuration for USTX, as a demonstration that such equilibria are
accessible in spherical tokamaks in general and USTX in particular. It is shown in Fig.
5.10. MHD stability studies of that example with DCON indicate good stability to internal
modes.
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FIG. 5.10:. A negative central shear configuration example for USTX. It has Ip= 1Ma,
Br=.5T, a=5m, R=.71m, x=1.9, 6= .39, Br= .2, ;= .66.
a) Flux contours; b) toroidal current density profile; c) safety factor profile.

MHD stability of low aspect ratio tokamaks is a rapidly developing field. Future
collaborations with various institutions are planned. Columbia University, IFS, GA,
LANL and ORNL have all expressed an interest in expanding these preliminary MHD
studies of USTX.
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CHAPTER 6

DEVICE AND POWER SYSTEMS DESCRIPTION

The design of the USTX device has been completed to a level required to establish
engineering feasibility and to generate a preliminary cost estimate. The device magnetic
and power system design is directed to the performance parameters described in the
physics section of this proposal. An evolutionary program is envisaged; initially an
ohmically heated, inductively driven device will be used to establish the fundamental
performance and physics. Later phases of the program will include auxiliary heating and
current drive advances. Only the base device (including provision for later expansions) is
described here.

6.1 Overall description

The base USTX device employs inductive drive both for plasma breakdown and
for plasma current generation and maintenance. This technique has been chosen because
it is well understood and very reliable. However the current drive and OH solenoid,
required for this inductive drive, is the critical feature of the machine. For this reason the
description presented here concentrates on the design of the center TF core and OH inner
solenoid; the design of the remainder of the device being rather straightforward.
Additionally, details of innovative design features are described. These include the
vacuum vessel support concept, the TF center column to radial leg joint and the TF return
winding.

The basic machine design has an interchangeable TF inner core, OH solenoid and
vacuum vessel sleeve assembly. Two designs have been pursued, one with an aspect
ratio of 1.43 and one with an aspect ratio of 1.25. The present intent is initially to build
the A = 1.43 design; the A = 1.25 design will be installed after operating experience has
been obtained. A summary of the solenoid and plasma parameters for the two cases is
given in Table 6.1. The mechanical and electro-magnetic constraints - number of turns,
coil stresses, room temperature resistance, etc. - for the solenoid were calculated using the
procedure described in Chapter 5. The solenoid performance was optimized to match the
available power supply and motor generator set package.
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USTX can be considered as consisting of five essentially independent structures,
namely a) the vacuum vessel, b) the inner ohmic drive and heating solenoid, c) the
poloidal-field (PF) coils, which complete the poloidal-field circuit, d) the toroidal-field
(TF) system, including the center core and the return legs, coil cross-overs and feeds, and
e) the support structure. A summary of these structures is listed in Table 6.2. The inner
core assembly, consisting of the TF core, the OH solenoid, and the vacuum vessel inner
sleeve requires special focus as an integrated design. Electrical power will be supplied by
a number of power supplies driven by three flywheel storage motor-generator M/G) sets,
capacitor banks and the electrical grid.

Table 6.1. Solenoid and plasma parameters for A = 1.43 and A = 1.25 point
designs. (For worksheet see Tables 6.3-4.)

A 143 1.25
Ro (m) 0.70 0.75
a (m) 0.49 0.60
K 1.7 2.0
I, MA) 1.00 0.5
B7y (T) at Rg 0.5 0.5
Vioop 1.5* 1.5*
I; 0.7 0.3
Lpiasma (WH) 0.48 0.22
M sol-plasma (uH) 7.9 2.56
That (5) 0.13* 0.04*
Isq) (kA) 160 360
N; (turns) 240 160
Layers 4 2
Rso) (mQQ2) 7.9 7.8
Por(MW) 28.5 28.2

*The flat-top times quoted here are for inductive current drive only, at peak
current, with a purposely pessimistic assumption that Vioop = 1.5 V. For more
favorable confinement scalings, or for operation at reduced currents or for
non-inductive current drive scenarios, flat-top times exceeding two seconds
are predicted.

The vacuum vessel is a single welded structure constructed of non-magnetic
stainless steel. There is no insulating gap and the inner sleeve and upper and lower caps
are built from thin wall (~1/4") material in order to reduce eddy-current effects. Poloidal
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ribs are to be installed to ensure adequate mechanical strength. Flanges will be
manufactured to standard dimensions to reduce cost, the large radial ports are Helicoflex
sealed, and all other ports are standard ConFlat. The vessel will be electrically baked out
to between 120 °C and 180 °C. (The temperature limit will be established during detailed
design to be consistent with insulation and clearance requirements; present design is to
heat the vessel to 180°C and to separately heat the PFCs to ~400°C using SS resistance
heaters). The vacuum vessel is attached to the support structure by a combination of
swinging links and hydraulic positioners. Pumpout is conventional and consists of two
turbo-pumps backed by oil roughing pumps.

Table 6.2. USTX concept machine parameters for the A = 1.43 design.

Vacuum Vessel
Material 316 Stainless Steel
Thickness 1/4" (except outer wall may be thicker)
Height 2.6 m
Vessel I.D. 3.05m
Bore I.D. 0.38 m
Solenoid (A = 1.43)
Material Chrome Copper 182
Length 26m
Inner radius 0.105m
Outer radius 0.180 m
Number of turns 4 layers 60 turns wound 4 in hand
PF Coils
Material OFHC Copper Half Hard
Number 10 Coils up/down symmetric
TF Coil
Material OFHC Copper Half Hard *
Number of Turns 12
Core 1.D 0.030 m
Core O.D. 0.170 m
Core Height 45105 (TBD) m
TF Core Machined OFHC copper
TF Return Legs OFHC Copper 1-1/2" by 6" rectangular bar
Outer Leg 1.D. 5.1 m (inscribed circle)
Support Frame
Material Stainless Steel
Primary Structure 4" by 4" rectangular cross-section bar
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The ohmic solenoid is the critical element of an inductively driven low-aspect-
ratio tokamak, and an extensive study has been made in order to optimize the design and
to match to available power supplies. The optimization procedure is described in
Chapter 5. In summary, the TF-core outer radius and the vacuum-vessel inner-wall
radius establish the inner and outer solenoid radii. The general requirement for large
cross section and short conductor length drives the design to high solenoid current,
constrained by power-supply and field-error limitations. It is essential that all conductors
are continuous, with no joints in the body of the solenoid. The stress calculation requires
a fatigue criterion, such as the von Mises, and must include the vertical stress due to the
finite length of the solenoid. A finite element calculation of the final conductor cross-
section, including the stress concentration effects of the cooling line cutout, was made in
order to identify the optimum cooling line orientation and to establish the available safety
margin [1]. The high stresses in the conductor unfortunately call for high strength
coppers; the present plan is to use a chrome copper alloy, C-182. Insulation is critical; it
is proposed to use Kevlar fabric to prevent insulation damage caused by the high stresses
associated with the coil winding. All assemblies will be vacuum/pressure impregnated
with high-temperature thermoset epoxy using precision molds for dimensional control.

The PF coils are located outside the vessel and inside the TF return legs. The
design is very conventional with current densities low enough to allow free air convection
cooling. The machine design allows the coils to be fabricated off site and installed during
assembly. The windings may be tapped to increase the flexibility of the device. Initial
plasma stability studies indicate that both axisymmetrically stable and unstable plasmas
can be produced. A number of smaller coils for position feedback and control will be
added if required for stability of highly elongated or triangular configurations.

The TF design is necessarily innovative; because of the limited space in the center
column a highly optimized design is necessary. The number of TF coils is a compromise
between access required for diagnostics, neutral beam systems, etc., acceptable TF ripple
and power supply availability. The USTX design has selected a 12 turn TF system. It is
desirable for each TF coil to be a single turn in order to maximize the packing factor and
hence the allowable effective current density, and this requires high conductor currents.
The center TF core is water cooled. Conduction time from the innermost material may be
the limiting cooling path for shot repetition rate. Two cooling lines are installed in each
leg in order to reduce the conduction path as much as possible. In order to reduce eddy
current effects a longitudinal slot will be cut in each TF segment.
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The design proposes that the TF core, the inner solenoid, and the vacuum-vessel
sleeve telescope together after manufacture and testing of the individual components.
This requires that the ends of the TF core be of the same or smaller diameter than the
center section. The design has a T-shaped heel plate that bolts to the center core in order
to transfer the current and hoop forces from the vertical core to the radial legs. The
central core expands approximately 7 mm vertically per shot for full performance
operation. To supply sufficient compliance for this expansion, horizontal slots will be cut
in the TF upper radial leg. The return legs are conventional, convection cooled. The
turn-to-turn cross-overs and TF feeds are located at the outer corners of the top and
bottom radial legs. The present design includes a concept for effectively halving the
number of TF coils, from 12 to 6, for ripple-field experiments. For a TF outer-leg radius
of 2.6 m, the normalized ripple field, defined as (Bmax-Bmin)/(Bmax+Bmin) at the
midplane outer plasma edge, will be increased from about 0.1 % to about 4 % (see Fig.
5.6.).

The separate components of the tokamak are supported by a drum shaped external
exoskeleton or support frame. The vacuum vessel is connected to the exoskeleton by a
set of swinging links, so located that for uniform vessel expansion the center line of the
vessel remains fixed. A set of hydraulic cylinders also connects the vessel to the
structure; these cylinders will be locked during each shot in order to absorb the transient
forces, but otherwise will allow differential movement for thermal expansion.

A plan view of the entire device including all supporting systems and power
supplies is shown in Fig. 6.1. A more detailed view of the tokamak inside the enclosure,
including layouts for the neutral beam line and the 2 MeV HIBP, is given in Fig. 6.2.
The design includes the capability of installing a single beam line (located in the
Southwest corner of the tokamak enclosure); however installation space will be reserved
for a possible upgrade to a second beam. The design includes the option to modify the
tangency radius of the neutral beam by reworking the front-end flange and rotating the
beam-line table. The extreme positions are shown in Fig. 6.3. An elevation view of the
device, including a beam line and the HIBP is shown in Fig. 6.4. The HIBP assembly
and the neutral beam have been rotated into the plane of the drawing. A detailed
elevation view is given in Fig. 6.5. The plasma cross section is for a 1 MA high-
triangularity discharge at zero solenoid current, similar to the equilibrium presented in
Fig. 5.7. The complete tokamak assembly, in isometric projection, is shown in Fig. 6.6.

6-5



USTX Proposal

U

2218
SID\USTX\PLANMETL: 4-15-95
g

nm,?nrpmm

LUQJ_F[UII

.
lj- i :::M i g :
TREe = ISt
' iuii IR Jg;: -l
IE NG .3 % ;g‘ Laj
a5l Z? ¢ “—;“—’ i
20T L e ﬁm b
g WY

FIG. 6.1. Plan view of USTX, with supporting systems and power supplies.
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FIG. 6.2. Plan view of USTX, with layouts for neutral beam line and 2 MeV HIBP.
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Power requirements are discussed in Sec. 6.7, and are within the capabilities of
the TEXT inertial generator system and available grid power. The OH solenoid is
designed to match the available P/S and M/G set performance. The plasma breakdown
voltage will be produced either by reversing the OH P/S voltage or by the addition of a
commutated series resistor. Breakdown will be assisted by ECRH. The PF coils and TF
core have been sized to allow multi-second flat-top operation with non-inductive current
drive.

The flat-top pulse length for the A = 1.43 point design with a plasma current of
1 MA is about 0.13 s, limited by the OH P/S and associated M/G set capabilities and by
the stress limit in the solenoid conductor. This time may exceed 300 msec for more
favorable confinement scaling. For non-inductive current-drive operation the flat-top
duration will be limited by either the TF core heating, the PF-coil P/S energy availability,
or the TF P/S limits. For the 1-MA case at full toroidal field, the corresponding
maximum flat top is about 0.5s, limited by the TF power supply and M/G set
combination. For lower toroidal-field and plasma-current cases the flat top can be
extended.

6.2 TF coil, OH solenoid and PF coils

The concentric center post coils (TF, OH solenoid) and the inner vacuum-vessel
sleeve are all constructed separately and made such that they will telescope together.
These components are assembled to form the center post and can be disassembled if
required. The solenoid will be wound on a fiberglass cylinder which will supply the base
for the supporting structure. Differential expansion, both radial and axial, requires a
compliant support system and preferably a compliant material between the various
components. The detailed design has not yet been established, but the present concept
proposes the installation of compressible high-temperature silicon-rubber sleeves between
the separate components. The properties of the insulating materials will establish the
maximum bakeout temperature of the vessel. An alternative concept is that during
operation the entire assembly will be filled with a high-temperature anathixotropic
material, for instance, a high viscosity silicon oil, to absorb the transient off-axis loads
from disruptions and fault conditions. The 1 cm to 2 cm gaps between the TF core and
the solenoid, and between the solenoid and the inner sleeve, are considered adequate for
manufacturing tolerance, assembly clearance and thermal expansion.
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The present plan is to build at least two solenoid assemblies. A prototype coil
will be wound in order to develop the construction procedures required for construction
to the required tolerance and performance specifications. This prototype solenoid will be
tested to maximum limits in an accelerated life cycle program. The final solenoid (for an
aspect ratio of 1.43) will be wound with chrome copper conductor. A lower-aspect-ratio
modification (for an aspect ratio of 1.25) will be designed and constructed at a later date.

The TF radial and return legs are single conductor rectangular cross-section
OFHC copper, mounted to the exoskeleton. Cross-overs and returns are located at the
outer upper corner of the coils. A design concept has been considered to provide a 6 turn
TF system in order to study TF ripple effects.

The PF coils are conventionally wound multi-turn rectangular cross-section
convection-cooled assemblies. The coil pairs PF1-A and PF4 are connected in series
with the solenoid to simplify return field correction. These turns will be tapped for
additional flexibility and in anticipation of installation of the A = 1.25 solenoid. Poloidal
field current densities are kept below 2 kA/cm?2.

TF core and return legs

The design of the center core assembly, and essentially the entire device, begins
with the TF core. In order to minimize core heating, the smallest practical number of
turns is required. This number is set by either the maximum available P/S current or the
number of TF coils selected. The latter choice is normally a compromise between the TF
ripple requirement and the need to maximize access to the plasma, particularly for the
neutral-beam system. TF ripple is discussed in Chapter 5.8. The present selection for
USTX is 12 turns, with a point design plasma radius of 0.7 m and a toroidal field of 0.5
T. The individual leg current is 146 kA which is within the performance range of the
TEXT TF power supply. The support-structure design includes a central tie-rod with a
diameter of 3.2 cm (1-1/4"), which defines the inner radius of the TF core at 2 cm (with 4
mm insulation clearance). Because of differential thermal expansion the stud will be
coated with a non-stick material to provide expansion freedom between the stud and the
TF core.

A design algorithm has been developed to complete the design of the TF core,
which is described here in detail. A packing factor for the copper conductor, and an
electrical resistivity for the material are selected. (At present the design is for OFHC
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copper.) The resistivity used is increased by an estimated amount allowing for the effect
of heating during the pulse. An equivalent rectangular flat-top pulse duration is chosen.
This number is subsequently iterated against the P/S performance (and the TF coil
resistance and inductance) to confirm that the design is adequate for the planned
operating scenarios. A maximum temperature rise during the shot is selected. (The
criterion used at present is that the maximum conductor temperature will not exceed
100 °C with the start temperature assumed to be 25 °C.) For the designs described here,
the temperature range is set at 70 °C or less in order to allow extended flat-top
performance for non-inductive current-drive scenarios.

With these criteria, the algorithm selects an outer radius for the TF core. Using
this radius, an engineering drawing is made with proper allowance for insulation and
cooling lines, and the actual packing factor calculated. The calculation is then repeated
with this updated packing factor to produce a final TF core outer radius. Note that the
packing factor is not sensitive to the TF segment detail.

The TF core design algorithm has been integrated into the design of the OH
solenoid and incorporated into an EXCEL spreadsheet. The results for the two aspect
ratios used in this design study are shown in Tables 6.3 and 6.4, in the next subsection.

Eddy current effects in the TF core induced by the solenoid current ramps pose a
potential problem in limiting the available volt-seconds and plasma breakdown voltage
and in degrading the effective OH power supply parameters [2]. These effects are
discussed in Chapter 5. A thin longitudinal slot will be machined in each TF core
segment and filled with a 0.5 mm G-10 insulating sheet to increase the impedance to the
magnetic flux. Details of this slit are shown in Fig. 6.9.

The TF core is cooled by copper lines laid into grooves machined into the pie-
shaped segments (see Figs. 6.7, 6.8). The conduction path from the conductor extremities
to the cooling lines is, at present, the limiting factor in the machine shot repetition rate,
which is about five minutes between shots for the point designs. Each segment will be
wrapped in 1 mm (0.040") of fiberglass insulation (two layers oppositely wound with
50% overlap per layer of 0.010 glass tape) and the individual segments separated by a 0.5
mm (0.020") G-10 spacer. The assembly will be wrapped in a 1 mm ground wrap and
vacuum/pressure impregnated with epoxy. Dimensional control will be ensured by the
use of precision molds and tooling.
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The TF core height has been selected large enough to move the radial TF legs and
the current direction transition into a region of relatively low vertical field in order to
reduce the overturning forces as much as practical. The minimum constraint is to supply
adequate room for the bolted assembly between the TF core and the TF radial legs. The
maximum constraint is the available headroom required for assembly and maintenance,
limited by the overhead clearance of the test cell.

A feature of the design is that the individual components of the center assembly
are independently fabricated and assembled following full performance tests. This
requires that the individual components - the TF core, OH solenoid and vacuum vessel
sleeve - telescope together. Because of this requirement the clearance radius at the
vertical to radial transition must be no larger than the overall core radius. An innovative
design for this joint has been included in the design. A heel plate is welded to the radial
leg and this plate bolted to the TF core segment. A triangular cheek plate is welded to the
radial leg and the heel-plate to transfer out-of-plane loads. The bolt array is installed
through the gap in the cheek plates. The bolt array is sized to maintain adequate
compression force at the maximum TF current. A stack of domed spring washers will be
installed on each bolt to ensure constant pressure. An isometric view of the TF coil
assembly is shown in Fig. 6.7. The details of the end design are shown in Fig. 6.8 and of
a core segment in Fig. 6.9. An end ring with hydraulic pre-load may be added to absorb
radial loads.

The radial and outer legs will be fabricated from 3.81 cm by 15.24 cm (1-1/2" by
6") rectangular copper bar. The current density is low enough that convective cooling
will be adequate for the design repetition rate of five minutes between shots. The TF core
will experience about 7 mm vertical thermal expansion for a full performance shot. The
present design includes a row of horizontal slots in the upper radial legs to increase the
flexibility and allow relatively free vertical movement. The TF radial leg will be
supported against out-of-plane forces by a pair of cheek plates attached to the radial arms
of the exoskeleton. Differential movement will be against Teflon pads. The details of
this design and the effect of these slots on the thermal performance will be developed in
the detail design phase of the project. The feeds and cross-overs will be located at the
upper outer corners where access is available and external loads are minimized. Details
of the twelve coil cross-over and feed design are shown in Fig. 6.10.
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FIG. 6.7. Isometric view of Toroidal-Field Coil assembly.
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